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Abstract: This paper mainly studied the working environment modeling and coverage path planning of combine harvesters.
The boundaries of the farmland to be harvested were extracted through the farmland satellite imagery and canny algorithm.
The polygon approximation method was used to fit the extracted boundaries as polygons. The edge offset of the farmland and
obstacles was realized based on the principle of straight skeleton. According to the structure data of the split points which
were obtained through the improved scan line algorithm, the coverage path planning of the combine harvester was realized.
Moreover, the circular arc transition algorithm was used to optimize the harvesting paths to achieve the smooth turning of the
combine harvester at the edge of farmland and when encountering obstacles. The simulation results show that the proposed
the proposed polygon approximation method can accurately depict the boundaries of the farmland to be harvested, and reduce
the amount of data to be stored. Additionally, the designed path planning method can realize the coverage path planning of the
combine harvester in irregular and internal obstacle farmland.
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1 Introduction

With the development and improvement of navigation and
positioning technology, it is gradually being used in agricultural
machinery to achieve unattended operation™™. This way can
improve the automation of agricultural machinery and reduce labor
intensity under some specific circumstances (such as traveling
straight)?.  Because the boundaries of farmland are complex and
there are often many obstacles inside, the actual working
environments of combine harvesters are often very harsh. At this
time, the combine harvesters with auxiliary navigation systems
require switch to the mode of manual driving at the edge of
farmland and when encountering obstacles. In this way, only a
small part of the harvesting paths can achieve straight automatic
harvesting, and the actual work effect is obviously poor. This is
mainly due to technical defects in the working environment
modeling and path planning of the combine harvester. Therefore,
it is important to study the accurate and efficient environment
modeling method for the farmland, and realize the path planning of
combine harvesters on the basis of this®!, which is of great
significance for realizing the automatic harvesting of combine
harvesters.
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Establishing the environmental model of the farmland to be
harvested is the prerequisite of path planning of the combine
harvester.  Jensen et al.®! used the Geographic Information
System (GIS) to obtain the road network information, and
combined with the farmland mapping information, the environment
model of the working area was established. Korkmaz et al.[
proposed an environment modeling method for the disaster rescue
vehicle based on the segmented satellite imagery. This method
requires a large amount of data to be stored.  Zhao et al.["l used the
Gauss-Kruger projection formula to convert the GPS coordinates of
the four vertices of the crab pond into plane coordinates, and then
the working area coordinate system of the crab pond was
constructed. This method can only be used for the working area
environment modeling with regular shapes. Liu et al.[®! measured
the topography of the farmland through the Global Navigation
Satellite System (GNSS) installed on the tractor. Based on this,
the environment model of the farmland was established. This
method is not well suited for the environment modeling of working
area with complex boundaries and many obstacles.

Related scholars are continually working to develop the
coverage path planning for the robotic automation control!.
Oksanen et al."% used the trapezoidal decomposition algorithm to
decompose complex farmland model into multiple sub-blocks, and
carried out path planning research on the sub-blocks. Its
computational efficiency is greatly dependent on the complexity of
the farmland model. Zhou et al.®¥ divided the farmland model
into sub-blocks according to the distribution of obstacles, and the
ant colony algorithm was used to optimize the harvesting order of
the sub-blocks.  Zhu et al.l'¥ studied the coverage path planning
of underwater autonomous vehicles based on the Glasius
Bio-inspired Neural Network (GBNN) algorithm, and optimized
the paths at the edge of obstacles through some typical path
templates. This method requires the use of raster maps to define
biological neurons, so it requires a large storage space to store
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model data and has a high computational complexity. Based on
the element decomposition method and ant colony algorithm,
Zhang et al.'®! proposed a coverage path planning method
combining local region traversal and global motion planning.
However, the ant colony algorithm may fall into local optimum
when solving, and there is no guarantee that the optimized path is
optimal. Tang et al.l' used the rectangular decomposition
method to divide the working environment model into several
sub-areas, and combined the adjacency matrix and path selection
function to realize the coverage path planning of the wall-climbing
robot. It also has the problem of data redundancy.

In order to facilitate mechanization, the boundaries of modern
farmland are mostly polygonal. Therefore, this paper considers
the use of polygons to describe the boundaries of farmland, and the

harvesting paths of the combine harvester are planned based on this.

Firstly, the satellite maps are used to obtain the high-resolution
images of farmland. After that, the boundaries of the grayscale
farmland image are identified by the canny algorithm, and fitting
them into polygons by the polygon approximation method.
Subsequently, the coverage path planning of the combine harvester
is realized by the improved scan line algorithm and the circular arc
transition algorithm. Finally, the simulation results are given to
show the effectiveness of the proposed working environment
modeling and coverage path planning method.

This study aims to investigate the working environment
modeling method of farmland and the path planning strategy of
combine harvesters. The paper is organized as follows: The
working environment modeling method of farmland is explained in
the following section. The subsequent section gives the key
division point acquisition method. Then, the coverage path
planning of the combine harvester is implemented next. The final
section presents a brief summary of the study.

2 Environment modeling

The satellite image of the farm obtained through Google Maps
is shown in Figure 1.

Figure 1 Satellite image of the farmland

The grayscale image processing method is used to process the
satellite image of the farmland™, as shown in Figure 2a. The
canny algorithm is an edge detection operator that uses a
multi-stage algorithm to detect a wide range of edges in images.
It can be seen from Figure 2a, the grayscale value of the farmland
grayscale image has a significant change, so the grayscale value
can be used to extract the boundaries of the farmland based on the
canny algorithm®.  Moreover, the boundaries of farmland or
obstacles are always closed. Therefore, we have adopted a closed
curve detection method to find the closed curve in the extracted
multiple boundaries information which is obtained by the canny

algorithm, so that the real farmland boundary information can be
found, and the wrong boundary information (such as noise) can be
filtered out. Finally, the extracted farmland boundaries expressed
in pixels are shown in Figure 2b.

a. Farmland grayscale image
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b. Farmland boundaries
Figure 2 Grayscale processing and boundary extraction of the
farmland

The boundaries of the farmland can be expressed as b={p,
P2y -eee pn}, where p; is the coordinates of the iy, pixel in the b.

A straight line passing through two pixels pa(Xa, Ya) and pp(Xy,
yp) can be expressed as™*”:

Xo(Ya=Yb) * Yo(Xo—Xa) + YoXa—YaXp =0 1)
where, X and Yy, represent the horizontal and vertical coordinates
on the straight line passing through the two pixels pa(Xa, Ya) and
Pu(Xbs Yb)-

The deviation d; of the iy, pixel pi(x;, y;) and the straight line
passing through the two pixels {p;, pn} in the boundaries b of the
farmland can be expressed asi*":

di = [Xi(y1—Yn) + Vi(Xa—X1) + YnX1— YaXal (2

Assuming that the maximum deviation pixel is ppnay, the pixel
pairs can be written as {p;, Pmax} and {Pmax, Pn}- Therefore, two
new pixel intervals can be found from the boundaries b of the
farmland using the Equations (1) and (2). On this basis, repeat the
above process until all linear deviations meet the maximum
deviation conditions:

max(d;)<dp, 3
where, dy, is the selected threshold.

Finally, the boundaries of the farmland to be harvested can be
approximated as a polygon, as shown in Figure 3. In the Figure
34, the blue solid lines are the boundaries of the farmland, and the
red dotted lines are the boundaries of the farmland after the
polygon approximated. It can be seen that the result of the
polygonal approximation is in good agreement with the boundaries
of the farmland, and the maximum approximation error of each
side of the polygon is shown in Figure 3b. This shows that the
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proposed farmland environment modeling method can effectively
realize the working environment modeling of the combine
harvester.
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Figure 3 Polygon approximation of the farmland

3 Planning pretreatment

3.1 Edge offset algorithm based on straight skeleton principle

In the previous section, the farmland to be harvested described
in pixels is converted into data described by the polygons. It is
necessary to ensure safety first when the combine harvester is

performing automatic harvesting operations. The solution is to
first perform an edge offset on the established farmland
environment model before the coverage path planning of the
combine harvester. According to the type of polygon vertices, the
straight skeleton of the polygons can be solved. The offset line
segments are obtained by the monotonous small areas formed by
the straight skeleton. Finally, the obtained offset line segments
are connected into a closed offset polygon. The flow of the
algorithm is shown in Figure 41,
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Figure 4  Flow chart of contour offset algorithm based on the
straight skeleton principle

The common obstacles in farmland are telegraph poles, trees,
ponds, mounds, etc., as shown in Figure 5. The shapes of the
obstacles are usually circular and polygonal in the actual field
conditions. Therefore, in order to reflect the generality of the
algorithm, a circular and a quadrilateral obstacle are added to the
farmland to be harvested. Subsequently, the edge offset on the
established farmland environment model is performed using the
contour offset algorithm based on the straight skeleton principle,
and as shown in Figure 6.  Where the blue lines are the boundaries
of the farmland, and the red dotted lines are the boundaries after the
edge offset.

Figure 5 Common obstacles in farmland
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160 The structure is used to record the information about the split
140 points®!, and shown as follows:

o struct Struct_Node {

Point : Split point coordinates;
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60 Segment : Mark edge;

a0l Polygon : Mark polygon;
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Figure 6 Farmland to be harvested after edge offset
3.2 Improved scan line algorithm
As shown in Figure 7, the farmland to be harvested is in the xy
coordinate system. Therefore, the farmland to be harvested can be
moved to the np coordinate system by coordinate transformation,
wherein the p coordinate is parallel to the scan line, and the
coordinate transformation is as shown in Equation (4)1**.

n no ny |l x
e ol e

Pl dlPx Py]LY
where, d is the harvester table width; n,, n, is the coordinate of the
unit vector n in the xy coordinate; py, py is the coordinate of the unit

vector p in the xy coordinate.
The inverse coordinate transformation is as shown in Equation

X x y n ( )
y JX |cy g

Figure 7 Schematic diagram of the scan line algorithm

The intersection points of the scan line and the polygons
(environment model) is called the split points, and as shown by the
purple circles in the Figure 7. The line segment composed of split
points i, i+1 is defined as i, and its slope coefficient at np
coordinates can be expressed as:

k = pi+1 B pi (6)
Ny =N
Then,
p(0) = pi —kn; (7

The other p coordinates corresponding to the n coordinate can
be expressed as:

p(i) =km+ p(0), m:{mlilr;nk—‘, ------ , LmaxnkJ (8)

i1 — N

p(i):p”li:pi(m—nih pi m:{mliyr;nk—‘, ------ errli»z(nkJ 9)

According to the structure data of the split points, the
preliminary coverage path planning is performed, and the flow
chart is shown in Figure 8. The results of the preliminary
coverage path planning are shown in Figure 9. In the Figure 9,
the green solid lines are the traveling paths of the combine
harvester during harvesting, and the black dotted lines are the
traveling paths in which the combine harvester does not perform
the harvesting operation.
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Figure 8 Flow chart of preliminary coverage path planning

When the combine harvester reaches the edge of farmland, it
needs to realize its automatic turn-row, and when encountering
obstacles, it also needs to turning around. It can be seen from
Figure 9 that the preliminary coverage path planning does not
consider the combine harvester’s turning at the edge of farmland
and when encountering obstacles. Therefore, it is necessary to
study the turning mode and path generation algorithm of the
combine harvester®!,  This paper proposes a circular arc
transition algorithm to achieve the smooth turning of the combine
harvester.  As shown in Figure 10, let the two endpoints of a line
be g1(x4, Y1) and ga(Xo, Y»), the center of the circle is c(x, Y.), and
the radius is r, then if there is an intersection point between the line

and the circle g(x, y), you can get:
oq = 0g, +U(0d; —0c) (10)
where, 0<u<l. Equation (10) can be converted into the following
form:
X =% +U(X; — X
{ 4 +U(X — %) 1)
y=Y1+u(y2—W1)
Since the intersection point q is also on the circle, then,

(X=%)* +(y=y)* =r’ (12)
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Combined with Equations (10), (11) and (12), you can get:
Au? + Bu+C=0 (13)
A=(X — X)) + (Y2 — y)* B=2((%; — %)(% — %) +

02 =YD= Ye)) s CoXC+ Y+ X+ Yi —2(XX + Yo ) =17
Solving the quadratic equation shown in Equation (13) can be

obtained:
—B++B?*-4AC
u=—-—-—"- (14)
2A

According to the B2-4AC, the number of intersections between
the line and circle can be judged. If B%4AC is less than O, it
means there is no intersection; if B>-4AC is equal to 0, it means
tangency and only one intersection; if B>-4AC is greater than 0, it
means there are two intersections. Based on this, the circular arc

transition of two line segments can be achieved.

where,
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Figure 9 Preliminary coverage path planning
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Figure 10 Circular arc transition algorithm

Combined with the circular arc transition algorithm, the harvesting
area is re-planned, and the coverage path planning considering
turning mode is shown in Figure 11. It can be seen from Figure
11 that the circular arc transition of the combine harvester is
realized at the edge of farmland and when encountering obstacles.
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Figure 11 Coverage path planning considering turning mode

5 Conclusions

In this study, a working environment modeling and coverage
path planning method of combine harvesters is presented. The
polygonal approximation method is applied to fit the boundaries of
farmland.  Combining edge offset and improved scan line
algorithm, the preliminary coverage path planning of the combine
harvester is implemented. Subsequently, the circular arc
transition algorithm is used to optimize the harvesting paths to
ensure that the combine harvester’s turning at the edge of the
farmland and when encountering obstacles, and the numerical
simulations are presented.

It can be seen from the results of environmental modeling that
the proposed polygon approximation method can accurately depict
the boundaries of the farmland to be harvested. It reduces the
amount of data that needs to be stored, and reduces the difficulty of
the combine harvester path planning. The simulation results of
path planning show that the proposed method can realize the
coverage path planning of the combine harvester. And the traps in
path planning can be automatically jumped out in the presence of
obstacles. The above results show that the method proposed in
this paper can effectively establish environmental modeling of
farmland and realize the coverage path planning of combine
harvesters, providing the basis for the combine harvester
autonomous harvesting.
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