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Abstract: Aiming at the operation scenario of existing crop coverage and the need for precise row
alignment, the sowing prior navigation information of cotton fields in Xinjiang was used as the
basis for the study of path planning for subsequent operations to improve the planning quality
and operation accuracy. Firstly, the characteristics of typical turnaround methods were analyzed,
the turnaround strategy for dividing planning units was proposed, and the horizontal and vertical
operation connection methods were put forward. Secondly, the obstacle avoidance strategies were
determined according to the traits of obstacles. The circular arc-linear and cubic spline curve obstacle
avoidance path generation methods were proposed. Considering the dual attributes of walking and
the operation of agricultural machinery, four kinds of operation semantic points were embedded
into the path. Finally, path generation software was designed. The simulation and field test results
indicated that the operation coverage ratio Cr > 98.21% positively correlated with the plot area and
the operation distance ratio Dg > 86.89% when non-essential reversing and obstacles were ignored.
Cgr and Dy were negatively correlated with the number of obstacles when considering obstacles.
When considering non-essential reversing, the full coverage of operating rows could be achieved, but
Dg would be reduced correspondingly.

Keywords: agricultural machinery path planning; sowing navigation information; turnaround;
obstacle avoidance; prior semantic map

1. Introduction

China is the world’s largest cotton producer, and Xinjiang is the largest cotton pro-
duction area in China [1]. In 2023, the cotton planting area in China was 2788.1 thousand
hectares, and Xinjiang accounted for approximately 85.3% [2]. Xinjiang cotton fields are
relatively flat, with large plot sizes and fewer fixed obstacles, which are favorable for
auto-driving operations using satellite navigation.

Path planning is a prerequisite for conducting auto-driving operations by agricultural
machinery. Currently, the primary satellite navigation-assisted driving system mainly
adopts the A-B line [3] for the path planning of agricultural machinery in large fields, and
this is simple to operate and, supplemented by manual turnaround, obstacle avoidance,
and process supervision, can satisfy most basic operations. It is also the main path planning
method for cotton sowing in Xinjiang. Many studies have been conducted on turnaround
methods (U-turn, bow-turn, Q)-turn, fishtail-turn, etc.) [4,5], routing planning (open-row,
closed-row, shuttle, nesting, detouring, etc.) [6,7], and obstacle handling [8,9] to realize
fully automated driving operations. Other methods have also been proposed based on
conventional methods. Cariou [10] and Boryga [11] et al. presented a turnaround method
based on cyclotron and polynomial curves, respectively. Zhang et al. introduced a fishtail-
turn method with Two-back and Three-cut [12]. Boryga et al. raised a turnaround method
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based on transition curves [13]. Hu et al. designed a Bessel curve obstacle avoidance path
for circular obstacles [14]. Zhao et al. sought a point-to-point collision-free path for the
tractor based on the minimum capture algorithm [15]. Xu et al. considered kinematic
constraints and performed obstacle avoidance path planning based on the particle swarm
algorithm [16]. Research was also carried out on this basis for full coverage path planning.
Wau et al. proposed a full-coverage path planning method for agricultural robots based on
an improved genetic algorithm [17]. Hoffmann et al. presented an optimal coverage path
planning for agricultural vehicles with curvature constraints by combining the modular
approach and generalized traveling salesman problem [18]. Wu et al. put forward a smooth
path planning algorithm based on Hybrid A* and Reeds-Shepp curves [19]. Selek et al.
introduced a gyratory curve-based method for the generation of smooth full-coverage
paths [20]. Additionally, some scholars have realized path planning for irregular plots by
region splitting, subregion traversal, and subregion connection [21-23]. Zhai et al. utilized
block nesting to improve the adaptability of quadrilateral plots [24].

However, the above research was more applicable to work scenarios without crop
cover (e.g., tillage, sowing, etc.) or without row-to-row requirements (e.g., lawn mowing),
etc. There has been relatively less research on how to better utilize navigation data during
sowing for more practical path planning in scenarios where there is already crop coverage
and precise alignment is required, such as in cotton harvesting and straw and residue
film recycling. Meanwhile, Xinjiang has actively promoted the use of precision planters
equipped with Beidou satellite navigation in recent years, and this is already in full-scale
use as of 2024 [25], accumulating a significant amount of path data. Applying the sowing
navigation data as the target path for cotton harvesting and residual film recycling is more
in line with the operational reality than the idealized path planning, and more conducive
to enhancing the efficiency and accuracy of path planning, reducing the cost, and, more
importantly, improving the corresponding operational accuracy.

According to the operational characteristics of Xinjiang cotton mulching sowing
(mulching, laying drip irrigation tape, sowing, and covering soil all at once) [25], the
precision planters equipped with Beidou satellite navigation can achieve automatic driv-
ing during straight operations, but manual driving is required for turning and obstacle
avoidance. Therefore, the navigation path data during sowing have the following features:
(1) The turnaround path cannot be used directly. In manual turnaround without consid-
ering the subsequent path data cycle reuse, the standardization of the path is insufficient,
and there is redundancy and a mess, which may contain multiple reversals and repeated
paths. It is not suitable for autonomous driving operations and has poor tolerance for
vehicle turning radius. (2) The operation routing is not standardized, and human factors
have a significant impact. There is less consideration for operational costs and greater
randomness due to manual turnaround. Additionally, the original operational sequence
may not apply to other agricultural machinery owing to the presence of different turning
radii. (3) Obstacle avoidance paths cannot be used directly. The manual takeover of the
agricultural machine is typically required for obstacle detour, and the detour path has
strong personal habits, making it unsuitable for direct use in autonomous driving. (4) There
is a lack of reasonable connections between horizontal and vertical working areas, usually
achieved by manual driving. Additionally, the stored data are generally in the geodetic
coordinate system, which needs to be converted to a planar cartesian coordinate system to
facilitate the subsequent path tracking control.

Thus, this paper employs the operation coverage rate and operation distance ratio as
evaluation indicators based on the sowing navigation data in Xinjiang cotton fields and
describes path planning research on the basis of the sowing navigation data processing. Its
aims are to (1) analyze the turnaround methods, specify the turnaround strategy, generate
turnaround and horizontal-vertical connection paths, and then determine the operation
routing; (2) clarify the obstacle avoidance strategy, determine the obstacle avoidance path
generation method, and embed the operational semantic instructions; and (3) design the
path generation software and conduct experimental analysis to obtain prior semantic maps
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for cotton harvesting, residual film recycling, etc., and provide target paths for subsequent
auto-driving operations of the corresponding agricultural machines to achieve higher work
quality and efficiency.

2. Materials and Methods
2.1. Overall Design
2.1.1. Raw Information Analysis

Take the sowing navigation data of a cotton mulching planter in a place in Bazhou,
Xinjiang, on 18 April 2024, as an example, as shown in Figure 1, with an operating area of
45.49 acres. The green path in the figure indicates auto-driving operation, the blue path
indicates artificial driving, and the missing places of the data (e.g., at a in Figure 1) are
the obstacle parts that need to be detoured manually. The regular blue line segment in
the green line (e.g., at b in Figure 1) is generally a brief manual takeover of driving to
sort out farm supplies and can be equated with the green path in subsequent operations
without detouring. To facilitate vehicle turnarounds while improving land utilization,
cotton sowing involves not only vertical operations along the long side but also horizontal
operations perpendicular to the long side, commonly known as “pulling horizontal heads”.
Horizontal sowing is generally performed after the vertical operations are completed.

———  Autonomous driving

—— Attificial driving

Figure 1. Example of navigation paths for cotton mulching sowing.

Xinjiang cotton mulching planting (with a standard film width of 2.05 m, generally)
often adopts wide—narrow rows [26], as shown in Figure 2. The sowing width is often larger
than the residual film recycling width, so it is necessary to translate the navigation line. The
sowing width is 4.56 m, with two films per machine, and the residual film recycling width
is 2.20 m with one film per machine. Therefore, the sowing navigation line needs to be
shifted left and right by 1.14 m to obtain the navigation line for the residual film recycling.

Unit:
Cover plastic Tracking line Tracking line of e

film edge Crop row of sowing residual film recovery

114 1.14

COOOOCOOOn ceeco)

110.3310.) 066 |oji1f 0.66 |0.1p.21
'
1

2.05 (Plastic film widtl\); ! 2.05

436 (Sowing width)

Figure 2. Schematic diagram of wide-narrow row cotton planting.
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2.1.2. Design Processes

The overall design process of path planning is shown in Figure 3a. Path planning
is carried out according to the prior information such as sowing navigation information,
planting agronomy, and vehicle parameters, combined with path generation algorithms
such as turnaround, obstacle avoidance, etc. The schematic representation of the planning
results is shown in Figure 3b. The planning process is as follows.

Prior information Path planning Algorithm

Raw data ‘

'

Marking obstacle
breakpoints

Marking operation
line points

Path translation ‘ ‘

Determine the
planning unit

Fishtail-
shaped
Connect-
ion path 1 3 5 7 9 1413
e

Generate
turnaround paths

Generate obstacle
avoidance paths

cubic

semantic: eplliee

Embed job ‘

Coordinate Save the path and
conversion number it

el e ‘\

‘ Planting Agronomy
information

‘ ‘Machineparameters

(a) (b)

Figure 3. The overall design process of prior semantic map. (a) Planning process; (b) schematic of
planning results.

Firstly, the sowing navigation data are processed. This mainly involves marking
the breakpoint coordinates of the missing parts and filling them in new columns of the
table to estimate the range of obstacles for generating obstacle avoidance paths; excluding
the manually driving portion based on sign position and labeling the coordinates of the
horizontal and vertical operation endpoints; translating coordinates based on planting
agronomy and filling in new columns of the table for generating the turnaround and
connection paths; and converting WGS84 (World Geodetic System 1984) coordinates to
UTM (Universal Transverse Mercator) coordinates.

Secondly, based on the above processed data, the full-coverage operation path is
generated by combining the path generation methods of turnaround, obstacle avoidance,
and horizontal-vertical operation connection under the constraints of vehicle parameters
and planting agronomy.

Finally, the endpoint coordinates are labeled as function points and embedded with
semantics to facilitate the coordination of actions between operations and walking and
the map is numbered and imported into the map library for subsequent use of path
tracking control.

2.2. Turnaround Path and Operation Routing
2.2.1. Turnaround Methods

Turnaround can be regarded as an optimization problem under multiple constraints
such as vehicle turning radius, operation width, starting and ending postures, size of
the turnaround area, operation direction and starting orientation, etc. The optimization
objective is to connect all the operation rows with the appropriate turnaround width and
the shortest total turnaround distance, i.e., to generate the optimal turnaround path with
the smallest cost. Since time, energy consumption, and distance are the main costs of
turnaround and they are positively correlated, the distance cost can be approximated as
the total cost.

The U-turn, bow-turn, fishtail-turn, and Q)-turn methods commonly used by agricul-
tural machinery are shown in Figure 4. The relationship between the minimum turning
radius R and the operating width W determines the turnaround method. When R < W/2,
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U-turn method has the least cost and is without reverse. When R > W /2, either Q)-turn or
fishtail-turn methods can be selected, and the two can be substituted for each other. Fishtail-
turn method has a lower energy cost than Q-turn method but requires higher turning
performance when reversing. ()-turn method needs no reverse, but the required turning
area is larger than that of the fishtail-turn method, especially when the turning radius is
larger. When R > W/2, the bow-turn method, a deformed version of the U-turn method,
can also be used to achieve turnaround through cross-row operations without the need
for reversing and with a smaller turnaround width but with repeated paths. Considering
that both the cotton harvester and the residual film recycling machine are large and not
easy to turn around, the bow-turn method is prioritized in this paper, which has also been
verified according to the literature as less costly [22], and the long side is usually used as
the starting direction [5].

Working area Turnaround area 1 Turnaround 2

U-turn Bow-turn Fishtail-turn Q-turn

Strengths Lower cost, no reverse, Cross row operation, with strong tole Suitable for R>W/2, less

. N . 5 ; Suitable for R>W/2, no reverse
no duplicate paths rance for turning radius and spacing  energy consumption

Require reverse and high Require larger turning area, more

Weaknesses Require R < W2 With duplicate paths turing performance suitable for smaller turning radii

Figure 4. Commonly used turnaround paths for agricultural machinery.

Dubins curve, which is the shortest path connecting two two-dimensional planes
under the condition that it satisfies curvature constraints and tangent directions at the
start and end points, and assumes that the vehicle can only travel forward, was proved by
Lester Eli Dubins in 1957, and the same result was later proved by Pontryagin’s maximum
principle [27]. Dubins curve consists of circular arcs with maximum curvature and straight
lines, and the shortest path planning from one attitude to another can be realized by the
suitable combination, which can effectively plan the path, reduce the energy consumption,
and improve the efficiency. The set of paths {LSL, RSR, RSL, LSR, RLR, LRL} is given [28],
where L and R denote the circular motions to the left and right, respectively, and S denotes
the linear motion. The core idea of the Dubins curve is consistent with the need for
agricultural machinery to turn around. Taking the RSR (line A’B” in Figure 5) path as
an example, the bow-turn is a special form of the RSR path (line AB in Figure 5), i.e,,
the tangent line at the endpoint coincides with the operation row, and the consecutive
turnaround can be regarded as the combination of RSR and LSR. Therefore, the idea of
the Dubins curve also verifies the superiority of bow-turn method. This paper uses the
bow-turn method and utilizes the idea of the Dubins curve for turnaround path planning.

RSR

D \; i i M(
! LSR !

Figure 5. RSR and LSR paths of Dubins curves.
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2.2.2. Turnaround Strategy

Unlike Dubins curves, agricultural machinery turnaround is simultaneously con-
strained by the operation width in addition to the minimum turning radius. When the
bow-turn is used for a plot, it can be achieved in two ways as an overall operation or by
dividing the planning unit.

(1) Overall operation: This takes the center row of the plot as the first crossing bound-
ary, i.e., there is only one planning unit (refer to the schematic of the planning results in
Figure 3). The cost function for the turnaround path is as follows:

1)

Diotar = 242 (“88L W — 2R + 7tR) + (252 — 1) [(*g2 — 1)W — 2R + 7R)], o401 € €ven
Dyt = (Mog=L 4 1) (g =y — 2R + 7R) + Mg L[ (o=l _ 1)W — 2R + 7R)] + Ly, typpy € 0dd

Here, D1, indicates the total distance of turnaround; 7, indicates the total number
of operating rows; n,,,; indicates the number of rows traversed by a planning unit; W
indicates the operation width; R indicates the minimum turning radius of the vehicle; Ly
indicates the length of a single operating row.

(2) Dividing the planning unit:

The overall operation rows are divided into several planning units, as shown in
Figure 6a. When n,;;; is odd, there will be repeated traversal of the center row or the end of
the unit exit in the center row, as illustrated in Figure 6b. Therefore, n,;,; is usually taken
as an even number to reduce the number of duplicate paths and ensure that the planning
units are connected at the beginning and end. 7,,,,;; with the smallest Dy, is calculated as
the optimal number of planning unit rows 7; then, the cost function of the turnaround path
is as follows:

Diosa = round (=) { it (it W — 2R 4 7R) + ("t —1)[("4 —1)W — 2R + 7R)]}

min(Dora1) (Mwit —1)W > 2R 2)
it
" it < round (8L, & 1y, € even number

Endpoint

Endpoint Endpoint

I\_,QJJL\\\ Q&)

1,y € 0dd number 11, € €ven number

(a) (b)

Figure 6. Schematic diagram of dividing the planning unit with nesting operation. (a) Schematic
diagram of dividing the planning unit; (b) examples of traversal effect when n,;,; takes odd and
even numbers.

Here, round denotes the downward rounding function.

When (14901 — 1)/ (i — 1) is not divisible, the remaining operation rows adopt the
fishtail-turn method considering the turnaround area constraints.

From the above turnaround function, it can be seen that the total distance traveled
by the operation mode of dividing the planning unit is obviously smaller than the overall
operation mode, and there are fewer repeated paths. Therefore, this paper gives priority to
the dividing planning unit mode, and from Figure 6, it is clear that the operation route can
be clarified while determining the turnaround path.
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2.2.3. Bow-Turn Path Function

The schematic diagram of the bow-turn path is presented in Figure 7. Combining
the standard equation of the circle with the piece-wise function, the single bow-turn path
function is expressed in Equation (3) when working clockwise for example.

/ if i € odd, x1 <
=+ Rz_(x_x2)2+y1, i1 €0 X1 S x <X

ifi €even, x, < x < xp
ifi €odd, x) < x < x3

=y, x < x < x3, L 3)
y=y ifi € even, x3 < x < xp

. <
y:i\/eryL ifi codd, x3 < x < xy

ifi €even, x4 < x < x3

Odd-numbered planning unit Even-numbered planning unit

(202) (X373) (%3,3) (X222

(E7A°D) ) o) X1y
(nunil/z' 1) W

Even-numbered turnaround

(X2,9) (X3,91)
O i (R0

T
'
'
'
'
'
'
'
'

) G
(1D *W

unii

Even-numbered turnaround Odd-numbered turnaround

Figure 7. Schematic diagram of the bow-turn path.

Here, for the odd-numbered planning unit, Equation (3) takes a positive sign for
odd-numbered turnarounds, and a negative sign for even-numbered turnarounds, and

(.’Xz,yz) = (X1 + R,y1 + R)
(x3,y3) = (x1 Low F R, y1 +R) ,
(x4,y4) = (x1 £ 0w, y1)

if i € odd& j € odd, 9 = it
ifi € odd& j € even, 0 = "git — 1

For the even-numbered planning unit, Equation (3) takes on a negative sign for odd-
numbered turnarounds, a positive sign for even-numbered turnarounds, and

(x2,¥2) = (x1 £ R, y1 ¥ R)
(x3,3) = (x1 £0wFR,y1 — R) ,
(x4,Y4) = (x1 £ 0w, y1)

ifi € even& j € odd, d = "Lgm
ifi € even& j € even, d = %_1

i=1,2...n,nis the number of planning units, and n = round((nse — 1)/ (Mypir — 1));

=12 it

By analogy, the turnaround function for counterclockwise operation can be inferred
without further elaboration.

2.2.4. Fishtail-Turn Path Function

The fishtail-turn path is used to supplement the remaining operating rows after the
planning unit and the turnaround of the horizontal operating area. For clockwise operation,
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the schematic diagram of the vertical fishtail-turn path is illustrated in Figure 8a, and its
turnaround path function is shown in Equation (4).

y::I:\/RZ—(X—X2)2+]/1,X1 <x<Xx

y=1y2,x3<x<x 4)
y:i\/Rz—(X—x2)2+]/1,x3 <x<xy

(xX3.03) —"71()%)’2) up

i v, i (eoyn) oL 2 right
(550 i) (X))

(11 (X4:04) (x Lz 7777777 ()
(CAD)
l * ) down ; ~
> XgV4 :
o) N177T77° ' ) (x3,73) K : P
; i ! (XI,JH)?’””I??”
R i ‘ left (xX2v3) (¥3.73)
(x3,3) (x2,2)
(a) (b)

Figure 8. Schematic diagram of the fishtail-turn path: (a) vertical; (b) horizontal.

Here, the upper fishtail function takes a positive sign, the lower one takes a negative sign,
and (XZ,yz) = (Xl + R,yl + R), (X3,y3) = (X1 +w— R,yl + R), (X4,y4) = (x1 + w,yl).

The schematic diagram of the horizontal fishtail turnaround path is illustrated in
Figure 8b, and its turnaround path function is shown in Equation (5).

ificodd, xy <x<2xo

ifi €even, xp, <x < x
Y=Yy2,x3<x<x )
ifi €odd, x4 < x < x3

ifi € even, x3 < x < x4

y=- R2—(x—x1)2+yz,xl <x <Xy,

y= RZ—(X—X1)2+y3,X4 <x<ux3,

Here/ (x2/ yZ) = (xl + R/ yl + R)r (x3/y3) = (xl + R/ yl + W — R)/ (-x4/ y4) = (xl/yl + W)/
and the odd rows are taken as positive signs while even rows are negative; i = 1,2.. .1y, ny, is the
number of rows that require the fishtail turn.

2.3. Horizontal and Vertical Operation Connection Path

Contrary to the sequence of vertical and then horizontal operations during sowing,
horizontal operations should be carried out first during harvesting to leave space for
turnaround during vertical operations. Using the proper connection between horizontal
and vertical operations is more conducive to reducing costs and improving the quality and
efficiency of operations. The horizontal operation rows are generally 2 rows, and 4 rows
after coordinate translation.

Considering the constraints of turning radius and turning area, the “Backward-Arc”
(as shown in Figure 9a) and “Backward-Arc-Backward” (as shown in Figure 9b) methods
are adopted to connect the horizontal and vertical operations so that the vehicle can return
to the way that is favorable for vertical operation after the horizontal operation is completed,
especially in terms of the heading, which should be in the same direction as the navigation
line. “Backward” means reverse in a straight line. “Arc” refers to a quarter arc that is
tangent to the reverse line and has a radius of R, and the function can be referred to the
above bow-turn function, or the parametric equations of the circle, as shown in Equation
(6). An example of the horizontal and vertical connections are displayed in Figure 9c, where
the length of the vertical operation has been reduced to emphasize the connection. The
“Backward” before the “Arc” (shown by the blue dotted line in Figure 9) is a non-essential

7
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option, depending on the specifics of the job, and is not selected if the least amount of
backward movement is the priority or is selected if the operation coverage is the priority.

{x:RCOSB+aO§6§2n ©)

y = Rsinf + b’

Horizontal path
" Backward1 Arc

\
2
L
f
|
|
| ' Horizontal path %
. ® e }
{
\
L

Backward 1 Backward
1
1 — —

R
:/ Bow-shaped turning
Vertical path i

'/
1/

v v

1Vertical path

(a) (b) (c)
Figure 9. Schematic diagram of the horizontal and vertical operation connection path. (a) Backward-
Arc; (b) Backward-Arc-Backward; (c) application examples.

Here, (a, b) are the coordinates of the circle center and 0 is the angle of the circle center.

2.4. Obstacle Avoidance Path

Obstacle avoidance paths can be viewed as local path planning based on global paths
and maps. There is no direct obstacle contour size in the sowing navigation data. When
there is a certain distance break in the navigation data within the operating row and
there is a detour trajectory (e.g., at a in Figure 1), it is determined that an obstacle has
been encountered.

2.4.1. Obstacle Avoidance Strategy

Obstacle avoidance paths are generated based on the determination of the turnaround
path and operation routing.

(1) When the obstacle is at or near the end of the operation line, and there is not enough
space for obstacle avoidance in the adjacent safety row, it can choose to turn in advance
for obstacle avoidance, such as at IV in Figure 10. It may adopt the way backward— bow
turn-backward to avoid obstacles, that is, reverse the distance R at the obstacle endpoint,
start the bow turn to the corresponding operation line, and then reverse to the beginning
of that line. Bow turn is a necessary option, and the two “backward” parts are optional,
depending on the actual need of the operation coverage.

(2) When obstacles are not at the end of the operation line, since the specific sizes and
shapes of the obstacles are unknown, while the path with navigation data is assumed to
be a safe path, the obstacle avoidance is prioritized along the nearest safe operating line,
followed by the choice of the region where the operation has been completed, and the order
can be adjusted depending on the actual situation. Given the unknown shapes, sizes, and
locations of obstacles, the start point of avoidance is moved R from the breakpoints to both
ends to ensure safety. The moving path can also be realized by reverse operation so that
the operation line is without omission.

For example, a small amount of vehicle traffic in the unharvested area has little impact
on the recycling effect when recycling residual film. Moreover, due to the sowing width
being larger than the residual film recycling width, data loss within a single sowing row
will result in missing data in adjacent rows within the same segment after coordinate
translation, as shown in Figure 10, I and III. Cotton harvesting when the vehicle is not
recommended to pass through the unharvested area; it is prioritized to select the completed
harvesting area, as shown in Figure 10, I and II.
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Figure 10. Schematic diagram of obstacle avoidance path.

2.4.2. Obstacle Avoidance Path Generation Methods

Maximum curvature constraint needs to be considered for curve fitting instead of being
directly based on the known points since obstacle avoidance is limited by the minimum
turning radius. Two ways of obstacle avoidance path generation (when the obstacle is not
at the end) are proposed below.

(1) Generation by circular arcs and straight lines

The obstacle avoidance path depends on the obstacle avoidance width nW and the
obstacle length L. There are mainly four ways. @ When nWW < R and L < 2R, the obstacle
avoidance path is arc-semicircle-arc, as displayed in Figure 11a. @ When nWW < Rand L >
2R, the path is arc-arc-line-arc-arc, as displayed in Figure 11b. 3) When nWW > Rand L < 2R,
the path is arc-line— semicircle-line-arc, as displayed in Figure 11c. @ When nWW > R and
L > 2R, the path is arc-line-arc-line-arc-line-arc, as displayed in Figure 11d. The distance
calculation of the obstacle avoidance path for the four ways is in Equation (7).

D =2nR,nW < R&L < 2R

D =2nR+L—2R =2R(m—1),nW < R&L > 2R @)
D =2nR+nW —R=R(2r—1)+nW,nW > R&L < 2R

D=2nR+nW —-R+L—2R =R(2m—3)+nW+L,nW > R&L > 2R
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Figure 11. Schematic diagram of circular arc-linear obstacle avoidance path. (a) Arc-semicircle-arc;
(b) arc—arc-line—arc—arc; (c) arc-line-semicircle-line—arc; (d) arc-line—arc-line—arc-line—arc.



Agriculture 2024, 14, 2067

11 of 20

It can be seen that the circular arc-linear path function acquisition is simple and easy
to implement; however, it is not optimal in terms of obstacle avoidance distance.

(2) Generation by cubic spline interpolation

The cubic spline curve has good smoothness, avoiding corners and abrupt changes.
The curve shape can be controlled by adjusting the position of control points and is simple
and efficient to calculate [29,30]. Therefore, the cubic spline interpolation method is used to
generate the obstacle avoidance path in this paper.

The obstacle avoidance problem can be simply described as solving a cubic spline
curve with four known points A, B, C, and D, as shown in Figure 12. However, different
from the ordinary cubic spline interpolation method that directly fits the curve based
on known points, subject to the influence of the turning radius, it is necessary to add
the constraints that the maximum curvature of the path < 1/R and the tangent lines of
starting and ending points A and D are the same as the operation row. The operation
cost is also considered, i.e., the operation path is expected to be the shortest. Therefore,
the obstacle avoidance path generation can be converted into an optimization problem
with minimum distance interpolation conditions and maximum curvature constraints, i.e.,
finding the spline curve through the four points A, B, C, and D with the shortest distance
while satisfying the curvature requirement.

‘X
B RS C

- AN
(xb,yb) ‘ s N Q(xczyc)
' N A
Ci(x 17)’2.’ (0] gz(xzaJ/) nWw
- , ’ Y
4 - A (Missing data) - D —
(x02) R L (XY a)

Figure 12. Schematic diagram of obstacle avoidance requirements.

A curve that is graceful and not usable may be generated (as shown in Figure 13) if the
obstacle avoidance path is solved based only on the known four points without considering
the curvature constraints. It is considered prudent to add symmetric control points C; (x1,
y) and C; (x2, y) to solve this problem according to the principle of optimization and curve
generation; then, the solution equation of cubic spline curve is as follows:

X = [Xq, Xp, Xc, X4] X = [Xa, X1, Xp, Xc, X2, X4]
Y = [Ya, b, Ye, Y Y= [Ya,y, Y ¥, Yal
S(xa)' =0 =1{ S(x) =0 8)
S(xg) =0 S(x4) =0
S = spline(x, [0,y,0]) S = spline(x, [0,y,0])
. . — — - constrained

C —— unconstrained

x/m

Figure 13. Example of avoidance path generation.

Here, S represents the cubic spline curve; spline represents the function to solve the
spline curve.
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The control points are a set. To find the optimal control points while considering the
cost of obstacle avoidance, the objective is converted to solve for the path with the shortest
obstacle avoidance distance under the maximum curvature constraint. The objective
function can be described as follows:

kmax —1/R <0
Ib<xy<ub
. D < Xy < 9
xx:r[r;f;Z/}/}( S) lb = [xlll xCrya] ( )

ub = [xp, x4, Y]

Here, Ds is the distance of the obstacle avoidance path; xy is the coordinates of the
control point; ky,y is the maximum curvature of the curve, kmax = max[|S” (xp)|]; Ib and
ub are the lower and upper limits of the control point, respectively.

The equation for solving D; is as follows:

xp = linspace[Xstart, max(x), ny|
yp = ppoal(S, xp) (10)
Dg = sum{hypot[diff (xp)diff(yp)] }

Here, linspace denotes the generation of a linear spacing vector function; xp denotes an
equally spaced vector from X4t to the maximum x-coordinate value, containing 7, points
for discrete sampling on a spline interpolation curve; ppval denotes the function to compute
a piece-wise polynomial; yp denotes the y-coordinate value obtained by interpolating the
points on the vector xp using the spline interpolation curve S; diff denotes the function that
computes the difference between two adjacent elements, i.e.,

diff(xp) = [xp(2)—xp(1) ,xp(
diff(yp) = [yp(2)—yp(1) ,yp(

hypot denotes the Euclidean norm at the corresponding position of the input vector, i.e., the
square root of the sum of squares; sum denotes the summation function.

Take A (0,0), B (5,2.2), C (13,2.2), and D (18,0) as an example to solve the shortest
obstacle avoidance path when the minimum turning radius is 5 m, as shown in Figure 13,
where the coordinates of the control point C; is (2.8675,0.8109), C; is (15.1325,0.8109), the
shortest curve length Dg = 19.5937, and the minimum value of kj;y is 0.1972. The vehicle
is able to turn and the obstacle avoidance path distance is significantly smaller than that
of the circular arc-linear mode. In the unconstrained condition i.e., solving the obstacle
avoidance curve only by four points A, B, C, and D, the shape is similar to the constrained
solving result, yet its maximum curvature is 0.3269, which cannot satisfy the vehicle
turning demand.

In summary, both the circular arc-linear method and the constrained cubic spline
interpolation method can accomplish the obstacle avoidance tasks, but it is evident that
the latter has a lower one in terms of operation cost. This paper gives priority to the cubic
spline interpolation method.
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2.5. Operation Semantics

Different from intelligent driving cars, in intelligent agricultural machinery, it is more
important to complete the relevant operations besides walking, which involve lifting and
lowering of implements, changing speeds, etc., i.e., completing the relevant operations ac-
cording to the instructions at the specified path points. Therefore, semantics are embedded
in the prior paths so that the machine in question gets explicit and specific instructions
at the designated point, thus better coordinating the relationship between walking and
operation and realizing the orderly control of vehicle auto-driving operation.

There are four main semantic points included in the working process, as depicted in
Figure 14. The whole working process contains operation, turnaround, and stop semantic
points at least, and the obstacle avoidance semantic points depend on whether there
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are obstacles in the working scene or not. Semantic embedding is carried out based on
the determination of the turnaround path, operation route, and obstacle avoidance path
and flag bits are configured for them. When the vehicle position coordinates match the
operational semantic points during control, the corresponding command is triggered to
execute the corresponding action.

Number Type Functional instructions
1 Operational semantic point Device down, operating speed v,
2 Turnaround semantic point Device up, turnaround speedv,
3 Obstacle avoidance Device up, obstacle avoidance
) semantic point speed v,
4 Stop semantic point Device up, vehicle stop
il
Pt S A
A
! / N !
l—l‘—F—.’ r—
\/
3 1
A !
[

Figure 14. Schematic diagram of embedding semantics.

2.6. Path Generation Software

The path generation software has been designed based on MATLAB APP (2021b), and
the operation interface is demonstrated in Figure 15. By importing the processed navigation
sowing data or manually inputting the data, new paths suitable for auto-driving operation
can be generated according to the operation direction, turning radius, operation width, etc.
The newly generated paths can be saved as CSV or TXT documents, numbered, and stored
in the prior map library so that the relevant maps can be called up for operation during the
subsequent path tracking control.

40 Path_Generation - o x

File Help About

Operation Path
60 T

TR (777RANN (7777 77

y/m

Figure 15. Path generation software interface (Version 1.0).

3. Results and Discussion
3.1. Simulation Test

The operation path is generated by simulating the given parameters, such as the
operation direction (clockwise or counterclockwise), starting point coordinates, operation
row length, total number of operation rows, turning radius, and operation width, based on
the above path generation software.

Without considering the horizontal operations, the operation width is set to 2.2 m, the
turning radius is 5 m, the total number of operation rows is 42, and the obstacle information
is given. Then the optimal #,;,;; is calculated to be 14, the number of planning units 7 is 3,
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the number of remaining rows is 2, and the maximum curvature of the obstacle avoidance
path is 0.1972, which meets the curvature constraints. The planning unit adopts the bow
turn, and the remaining rows adopt the fishtail turn, which can connect all the operation
rows, and the full coverage of the operation path can be achieved by considering reversing
when avoiding obstacles. The generated path is shown in Figure 16.

Wl (TR (7777 (T7777RNN 16 wl B (TR (7777 (7777

2 oo % L X3

b4 b4

ih
T
y/m
8

A |

10- 00 10 oo

TR NN 8 TN ) )y s

x/m x/m

Vertical operation path Bow-turn path Fishtail-turn path Obstacle avoidance path

(a) (b)

Figure 16. Examples of simulation paths without considering lateral operations. (a) Clockwise
operation; (b) counterclockwise operation. Note: The blank area in the operation line indicates the
obstacle area (the same as below).

Considering the horizontal operations, the operation width is set to 2.2 m, the turning
radius is 5 m, and the total number of operation rows is 25. Then, the optimal 7,,;,;; is
calculated to be 12, 1 is 2, and the number of remaining rows is 2. The simulation results are
presented in Figure 17, where the length of the vertical operation rows has been reduced
to emphasize the horizontal operations. When there are sufficient turnaround spaces at
both horizontal ends, there are 3R operation lengths missing (shown by the red dashed line
in Figure 17), and of course, these sections can be fully covered by reversing, as shown in
Figure 17a. When considering the turnaround area constraint, i.e., it is unknown whether
there is enough turnaround space or is known to be small, there are 15R operational lengths
missing, and similarly, these parts can be realized by reversing to achieve full coverage,
as shown in Figure 17b. Whether to reverse or not depends on the actual operation
requirements and the turning characteristics of the vehicle, i.e., whether to emphasize
operational efficiency or operational coverage. The simulation parameters are changed to
real values that can obtain the actual operation path.

The first step is to perform horizontal operations in the direction of the starting point
during path tracking. Then, the vertical operation row nearest to the starting point, i.e., the
first row of the vertical area, is connected by the horizontal-vertical connection method of
“Backward-Arc” to go to the horizontal operation area in the opposite direction. Finally,
it returns to the end of the first row of the vertical area by the connection method of
“Backward-Arc-Back” and starts the bow nesting operations and the fishtail supplementary
turnarounds in the vertical area until the end of the operation.
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Figure 17. Simulation path considering the lateral operation: (a) when there is sufficient horizontal

turnaround area; (b) considering horizontal turnaround area constraints.

3.2. Field Test

Based on the sowing navigation data of a certain planter (one machine with two
films) in Bazhou, Xinjiang on 16-18 April 2024, the basic path data were obtained after
function point marking, coordinate translation, coordinate transformation, etc. Considering
the privacy of the operating plots, the coordinate values shown in the following figures
are in error compared to the actual values while the length of the vertical operation has
been reduced for the convenience of display. Cotton planted with plastic film needs to be
recycled after harvesting, with a self-propelled residual film recycling machine as the object
machine; the operation width is 2.2 m and the turning radius is set to 5 m.

Operational effectiveness is evaluated in terms of the operation coverage ratio Cg
and the operation distance ratio Dg. Different from the way of calculating the operation
coverage ratio of sowing, Cr is related to the total length of actual operation L, and the
total length of sowing Ls. Dp is related to the operation distance Dy, (Dy = Lyt) and the
total traveled distance D;. The larger the operation coverage ratio and distance ratio is, the
better the operation effect will be.

Cg = Lot | 100% (11)
Lst

Dy = Dw . 100% (12)
Dy

For the relatively regular plot, the operational plot on April 18 was used as the study
object, recorded as plot A. The original map of the plot refers to Figure 1. The new path
after adding the turnaround, obstacle avoidance, and horizontal and vertical connection
paths is shown in Figure 18.

Except for the necessary reversing paths during the fishtail turn and horizontal-vertical
connections, the operation coverage ratio Cr was 98.6%, and the distance ratio Dg was
87.93% when the non-necessary reversing operations and obstacles were not taken into
account, as shown in Table 1. Cp rose as the plot area grew since operational omission
mainly occurs during horizontal turning, horizontal and vertical connection, and obstacle
avoidance and does not change as the plot area changes. When considering obstacles,
both Cr and Dy decreased accordingly depending on the number of obstacles, with each
additional obstacle increasing the 4R missed. Of course, as the analysis in Section 2 has
shown, if non-necessary reversing is considered, the full coverage of the operating row can
be achieved, but Dr will be reduced accordingly.
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Figure 18. Planning path of plot A.

Table 1. Evaluation indicators for path planning of plot A.

Evaluation Indicators Disregard Non-Essential Considering Non-Essential

Reversing Reversing
Sy Operation coverage ratio Cr/% 98.60 100
Not considering obstacles Operation distance ratio D /% 87.93 86.52
S Operation coverage ratio Cg/% 97.93 100
Considering obstacles Operation distance ratio Dg /% 87.49 85.41

We took operation plots on April 16 and 17 as the study objects, as shown in Figure 19a.
As the same plot finished the sowing operation in two days, the plots on the 16th and
17th were combined and recorded as plots By (left side in Figure 19b) and B, (right side
in Figure 19b), respectively. For relatively irregular plots, path planning is carried out
according to the above method after dividing them into sub-plots, and when the calculated
number of planning units n < 2, the plot is operated as a whole, i.e., the overall unit method
is used to minimize the number of reversals. The path planning evaluation indicators for
plots By and B, are shown in Table 2. When non-essential reversing and obstacles are not
considered, Cg values were 98.21% and 98.46%, and Dy values were 86.89% and 89.64%,
respectively. There was a corresponding decrease when obstacles were considered, with Cr
values of 97.93% and 97.61% and D values of 85.13% and 88.52%. Similar to plot A, the
full coverage of the operational rows could be achieved with reversing, but there was a
corresponding reduction in Dg.
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Figure 19. Planning paths of plots B; and B;: (a) navigation paths; (b) planned path.
Table 2. Evaluation indicators for path planning of plots B; and B,.
Plot B, Plot B,
Evaluation Indicators Disregard. Considerin‘g Disregard‘ Considerin.g
Non-Essential Non-Essential Non-Essential Non-Essential
Reversing Reversing Reversing Reversing
Not considering Operation coverage ratio Cr /% 98.21 100 98.46 100
obstacles Operation distance ratio Dg /% 86.89 85.10 89.64 88.10
Considering Operation coverage ratio Cr /% 97.23 100 97.61 100
obstacles Operation distance ratio Dg /% 85.13 82.43 88.52 86.13

3.3. Discussion

Sowing rows limits the operating range of subsequent plant protection, harvesting,
and residual film recycling. It is more conducive to planning practical operation paths,
improving planning accuracy, and reducing planning costs when path planning for subse-
quent operations is based on sowing navigation data. The goal of path planning is mainly
to be able to cover all the operating rows and minimize the cost at this time, but it is also

constrained by factors such as the vehicle turning radius and turning area.

Under the constraints, the bow turn and fishtail turn have smaller requirements on the
turnaround width compared to the () turn, making them suitable for practical applications
with larger turning radii; the turnaround strategy of dividing the planning unit has a smaller
distance cost, the obstacle avoidance path of the cubic spline curve can effectively generate
the obstacle avoidance path, and the “Backward-Arc” and “ Backward-Arc-Backward”
methods can realize the connection of horizontal and vertical operations. The feasibility of
the above methods was verified by both simulation and field tests. Local connections and
detours are usually challenging for path planning, and local path planning like horizontal
operations and obstacle avoidance are the main factors generating performance differences,
but with increasing plot sizes, the smaller the proportion of local path planning to the overall
planning is, the better the operational performance will be. Operation omission mainly
occurs in horizontal operation, horizontal-vertical connection, and obstacle avoidance
paths, and the test results reveal that without considering horizontal operation and obstacle
avoidance, the vertical area can realize the full coverage of operation rows. When the
horizontal operation is considered, the full coverage of the working rows can be achieved
with the use of the non-essential reversing operation, and even if the reversing operation
is not considered and obstacles are taken into account, Cg can reach more than 97%. This
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value is positively correlated with the operational area of the plot, and the larger the plot is,
the more obvious the advantages of the method proposed in the article will be.

Most of the plots were relatively regular in shape, but for a few heterogeneous plots,
the adaptability of the proposed method was inferior and needed to be combined with
cluster intelligence algorithms to improve the adaptability of the method in subsequent
research. The proposed method is based on sowing navigation data. If these data are
significantly erroneous or even lost due to hardware failures, improper operations, harsh
operating conditions, or other factors, it will directly affect the planning effectiveness,
and date loss will invalidate the method even more. Moreover, there is still a certain
threshold to obtain sowing navigation data for cotton or other crops currently, which is
mainly concentrated in the enterprises of assisted driving products. It is of great value and
significance to accelerate the comprehensive openness and integration of prior information
and realize the sharing and interoperability of agricultural big data.

4. Conclusions

On the basis of coordinate marking, coordinate translation, and the transformation of
obstacle breakpoints and endpoints of operation rows for sowing navigation data, path
planning was carried out according to the generation methods of paths for turnaround,
obstacle avoidance, and horizontal and vertical operation connection combined with vehicle
turning radius and planting agronomic constraints. The main conclusions are as follows:

e  The characteristics of typical turnaround methods were analyzed and the bow turn was
preferred due to the advantages of a smaller turnaround area and no need for reversing.
The turnaround strategies for the overall operation and the dividing planning units
were proposed and prioritized to the latter considering the distance cost, and the
path cost function was given to determine the optimal #,;,; and n. Considering the
situation that (1, — 1)/ (1, — 1) cannot be divisible, and horizontal operation,
the fishtail turn was used as a supplement, and the path functions of bow turn and
fishtail turn were given. The connection methods of “Backward-Arc” and “ Backward-
Arc-Backward” were proposed to realize the smooth connection of horizontal and
vertical operations. The operation routing could be determined based on the above
path determination.

e  Obstacle avoidance paths of circular arc-linear and cubic spline curves were proposed,
and the latter was preferred given the distance cost. Different from the ordinary
cubic spline curve generation, the obstacle avoidance path is subject to the minimum
turning radius constraint and the objective claim of the shortest distance, so the obsta-
cle avoidance path generation was converted into solving an optimization problem
with interpolation conditions and maximum curvature constraints and the objective
function was given. Considering the dual attributes of walking and the operation of
agricultural machinery, four kinds of semantic points, namely operation, turnaround,
obstacle avoidance, and stopping, were embedded in the path, and the corresponding
functional commands were clarified.

o The MATLAB-APP-based path generation software was validated through simulation
and field tests, showing Cr > 98.21% and Dr > 86.89% disregarding non-essential
reversing and obstacles, and Cr increased with the plot area. Both Cr and Dy declined
when obstacles were considered, and the more obstacles there were, the faster the
decrease was, with Cgr > 97.23% and Dg > 85.13%. Considering non-essential revers-
ing ensured the full coverage of the operating rows but slightly reduced Dg, with
Dr > 85.10% without obstacles and Dy > 82.43% when considering obstacles.

In summary, path planning based on the prior sowing paths is feasible and favorable
for obtaining practical target paths, improving the accuracy of path planning, and reducing
the planning cost and is well adapted to the scenarios of existing crop coverage and
requires precise row alignment. This method has some reference value for path planning
for other field crops such as corn and processing tomato. Compared to the operating
environments of road vehicles, the farmland environment is relatively closed. Integrating
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land boundary detection, obstacle calibration, and in-field path planning to form high-
precision maps with prior information that are more suitable for the automated driving of
agricultural machinery, and establishing an operational map library, is one of the focuses of
future research.
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