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Abstract: Aiming at the need to prevent agricultural machinery from colliding with obstacles in
the operation of unmanned agricultural machinery, an obstacle detection algorithm using 2D lidar
was proposed, and a pre-collision system was designed using this algorithm, which was tested on
a harvester. The method uses the differences between lidar data frames to calculate the collision
times between the farm machinery and the obstacles. The algorithm consists of the following steps:
pre-processing to determine the region of interest, median filtering, and DBSCAN (density-based
spatial clustering of applications with noise) to identify the obstacle and calculate of the collision time
according to the 60 principle. Based on this algorithm, a pre-collision system was developed and
integrated with agricultural machinery navigation software. The harvester was refitted electronically,
and the system was tested on a harvester. The results showed that the system had an average
accuracy rate of 96.67% and an average recall rate of 97.14% for being able to stop safely for obstacles
in the area of interest, with a summed average of 97% for both the accuracy and recall rates. The
system can be used for an emergency stop when encountering obstacles in the automatic driving of
agricultural machinery and provides a basis for the unmanned driving of agricultural machinery in
more complex scenarios.

Keywords: lidar; obstacle detection; harvester; pre-collision system

1. Introduction

With the aging of the Chinese population and the continuous reduction in the farming
labor force, who will farm and how will farming be conducted in the future are questions
that urgently need to be considered [1]. Agricultural machinery can significantly reduce
agricultural labor, and farming by machines replacing humans is widespread in China.
Nevertheless, most agricultural machinery still needs to be driven by an operator. Some
agricultural-machinery-assisted driving systems can already control the direction to go
straight or turn without the operator’s control [2]. However, when there are obstacles in
the field, the assisted driving systems must be interrupted manually. Some unmanned
driving is achieved by marking the coordinates of the obstacles and planning the path
in a specific plot [3]. This method must obtain the plot coordinates and plan the path
before each operation. It is not suitable for cross-regional work of agricultural machinery,
which is very common in China. The detection of the farmland environment, especially the
detection of farmland obstacles, is an essential part of realizing unmanned driving.

There have been many studies on the detection of obstacles in the field. Moreover,
there are three main sensor technologies for detecting farmland obstacles: ultrasonic
detection, machine vision detection, and lidar detection technology [4]. Each technical has
advantages and disadvantages, and there are still some detection problems in unstructured
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field environments. Ultrasonic testing has a low cost and simple data processing. Dvorak
tested an ultrasonic sensor’s ability to detect several objects that are commonly encountered
in outdoor agricultural or construction environments [5]. However, ultrasonic detection has
a short measurement range and low ranging accuracy and is easily affected by temperature,
environmental noise, and obstacle surface types. The application of visual methods for
obstacle detection has been the subject of the most research. Many studies were based
on binocular vision detection, and distance information could be obtained. Wei assumed
that humans were the only potential obstacles in the field. By processing the obtained
disparity map by setting thresholds, human-shaped obstacles and their motion states near
the agricultural machinery could be detected [6]. Zhang proposed segmenting the obstacle
area from the background by analyzing the brightness distribution on the scan line and
performing fast stereo feature matching to obtain the spatial information of the human-
shaped obstacle [7]. Aiming at visual obstacle detection for a combined harvester, Ding
proposed a method that combined monocular color image segmentation and stereovision
feature matching to determine the distances between obstacles and the harvester [8]. Yin
denoised the depth image obtained by the 3D camera [9]. After noise removal, the pixels
were filtered through coordinate conversion, and a height threshold was set. Then, the
boundary of the obstacle is extracted using the four-connectivity method, and finally,
information on the locations and sizes of obstacles was obtained. However, the method of
visual inspection has certain limitations. For example, Wei and Yin’s detection objects were
only people in the field [6,9]. Zhang and Ding’s experiments had strict requirements on the
height and color differences between the obstacles and the surrounding environment [7,8].
The accuracy of the visual inspection scheme decreased as the detection distance increased
and was greatly affected by ambient light, which cannot meet the needs of agricultural
machinery for night operations, and there were certain limitations in the application of
unstructured farmland inspection.

Research on the use of lidar for field obstacle detection is also an essential technical
route. Brenneke provided a three-dimensional laser obstacle recognition algorithm that
divides the three-dimensional point cloud into two categories [10]. The first category points
are perpendicular to a line, such as tree trunks, walls, pits, and some artificial road signs;
the second category points have no direct contact with the ground, such as tree branches
and roofs. The identification of the two types of points and coloring them in the entire
image can enable the recognition of obstacles. Jiménez provided an improved obstacle
recognition algorithm, which solves the limitation of ordinary methods that only rely on
the obstacle distance to recognize obstacles and calculates dynamic variables, such as speed,
by extracting the characteristics of obstacles [11]. Asvadi designed a method to detect
static and dynamic obstacles in the urban environment using point cloud data obtained
using three-dimensional laser scanning and positioning data obtained using the inertial
navigation system [12]. Zeng used three-dimensional lidar to collect point cloud data in an
apple orchard and used MATLAB to develop an algorithm to segment trellis wires, support
poles, and tree trunks in the point cloud images [13]. However, these studies all collected
data and then performed offline processing, so real-time inspection and further agricultural
machinery control could not be performed. In addition, due to the high price of 3D lidar, it
is still difficult to apply it to agricultural machinery.

There is also some research on obstacle detection using two-dimensional lidar, and
lidar and image fusion methods. Doerr used two-dimensional lidar to evaluate multiple
feature recognition methods (average height, density, connectivity, and discontinuity meth-
ods) to identify three foreign objects placed in different environments under four crops [14].
Takahashi designed a LIDAR-based emergency obstacle avoidance module for obstacles on
the sidewalk [15]. The module included an obliquely installed 2D lidar and an embedded
microcontroller and used an autoregressive model to locate the obstacle’s position. Peng
designed an obstacle detection algorithm based on a two-dimensional lidar [16]. After
denoising the laser point cloud, it was filtered, segmented, and clustered, and finally,
the shape and position of the obstacle were output. However, it could only be used for



Agronomy 2023, 13, 388

30f16

stationary obstacles. Reina detected farmland obstacles and discerned traversable from
non-traversable areas using stereovision, LIDAR, radar, and thermography fusion [17].
Kragh combined appearance- and geometry-based detection methods by probabilistically
fusing lidar and camera sensing with semantic segmentation using a conditional random
field [18]. Moreover, a small robot platform tested the algorithm in an orchard. Xue studied
the fusion of 2D lidar data and image data to detect trunks [19]. These studies were based
on the distances of obstacles and could not obtain obstacle size information or motion state
information, such as speed, collision time, etc., and no two-dimensional lidar was used
for multi-obstacle research. The above studies were tests in ideal environments indoors or
outdoors, and there were few obstacles detected in actual farmland operation scenarios. In
addition, most of these studies tested small robot platforms and have not been applied to
real agricultural machinery.

Therefore, the objective of this research was to develop a real-time, low-cost, high-
accuracy, pre-collision system as part of the autonomous driving of harvesters. Moreover,
the detection algorithm proposed in this paper can detect an obstacle’s distance and relative
angle using lidar.

2. Materials and Methods
2.1. Equipment

The lidar used in this study was the PACECAT LDS-U50C-S two-dimensional lidar
(Jinhua LANHAI photoelectricity Co., Ltd., Jinhua, China). The lidar is shown in Figure 1.
This lidar is cost-effective and can be used in bright outdoor environments. The protection
level can reach IP65, which is suitable for agricultural applications. The lidar parameters
are shown in Table 1.

Figure 1. The lidar used in this research.

Table 1. Main parameters of the lidar.

Parameters Value
Measuring range (m) 0.1-40
Ranging accuracy (cm) +3
Field of view (°) 360
Angle resolution (°) 0.09-0.27
Rotating speed (r/min) 300-900

This study’s laser scanning speed was 600 r/min, and the corresponding frame rate
was ten frames per second. The angular resolution was 0.18 degrees, and each data frame
had about 2000 points. The distance and angle data scanned by the lidar were output
through the network port.
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2.2. Lidar Processing Algorithm

In this study, the algorithm for lidar data processing was divided into three steps:
pre-processing, clustering, and obstacle parameter calculation. Preprocessing mainly
included three parts: the selection of the region of interest, coordinate transformation, and
filtering to facilitate subsequent algorithm calculations. Clustering was mainly to detect
and distinguish multiple obstacles. Obstacle parameter calculation was mainly to obtain
the number of obstacles, the width of each obstacle, and the relative speed of each obstacle.

2.2.1. Pre-Processing

Pre-processing was carried out to first delineate the region of interest (ROI) according
to the angle and distance and then only process the data in the region of interest, which
could significantly reduce the processing time of the algorithm. Then, the data were con-
verted from polar coordinates to rectangular coordinates to facilitate subsequent processing.
The data were then filtered, mainly to remove noise due to dust or lidar instability.

The raw data output by the lidar were in polar coordinates. The angle was &, and
the detected distance was d. The position of the 0-degree angle was directly in front of
the lidar. The angle increased clockwise to 360 degrees. During pre-processing, first, the
angular and distance ranges of the region of interest were determined according to the
installation location and the application scenario. The left boundary angle of the ROI was
«y, and the right boundary angle was ag. The data in the region of interest were extracted
and converted into a rectangular coordinate system. A schematic diagram of the region of
interest is shown in Figure 2. The conversion formula is shown in Formula 1.

Y/m &
00
Front
A |
a
7‘3.:;' = 900 -
270° & e
180°

Figure 2. Region of interest and coordinate system.

{x =dsina % € [ay, ag] 1)

y=dcosua

2.2.2. Filtering

Due to the special environment of agricultural machinery operation, some ambient
light or dust interfered with the test data during the sensing process. This noise was
an impulse noise. It was very similar to the salt and pepper noise in the field of image
processing. This noise could be caused by sharp and sudden disturbances in the signal. An
effective noise reduction method for this type of noise is a median filter or a morphological
filter. To eliminate the influence of these noise points on obstacle detection, we performed
median filtering on the collected data.

Median filtering is a nonlinear signal processing method to eliminate outlier noise. For
each data point to be processed, the data in the left and right neighborhoods are selected
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for sorting according to the selected window length, and the value of the middle size is
selected as the value of this point after filtering. Compared with the mean filter, the median
filter could filter out the salt and pepper noise caused by the dust in the lidar perception.
The window size of the median filter selected in this study was 5. The bubble sort method,
which is a comparison sort, is named for the way the larger elements “bubble” up to the
top of the list [20]. It was used to determine the value of the middle size in the window. An
algorithm diagram of median filtering is shown in Figure 3.

Bef -
.eo.re---'z‘5|12 8|4}6‘7|20 11|8|6‘9|5 4D|6|7
filtering | |

After
filtering

Figure 3. Schematic diagram of the median filter.

2.2.3. DBSCAN Clustering

Obstacles in the field include static obstacles and dynamic obstacles, and multiple
obstacles may appear in the area of interest at the same time. In order to cope with such
complex perception scenarios, multiple obstacles need to be distinguished to facilitate
subsequent algorithms to calculate the size information and motion state information of
each obstacle.

This study used a density-based spatial clustering of applications with noise (DB-
SCAN) method to distinguish multiple obstacles. The algorithm divided the points with
sufficient density into clusters and found clusters of arbitrary shapes in the noisy data
sequence. When applying this algorithm, we first determined the minimum number of
points (Nmin_points) of each cluster and the maximum distance threshold (¢) between two
adjacent points during clustering according to the sizes of common obstacles in the field
and the resolution of the lidar. Each cluster was the largest collection of densely connected
points. When clustering, an unclustered point was randomly selected as a seed point
for each frame of data, and the distance (d,;) between the seed point and the point to be
clustered was calculated.

dn = \Z/(xseed - Xcur)z + (yseed — ycw)z (2)

In the formula, xg ey and Y.y are the abscissa and the ordinate of the seed point,
respectively, and x.,r and y.,, are the abscissa and ordinate of the current point, respectively.

€ was the distance threshold of clustering. If d,, < ¢, the current point was the direct
density reachable point of the seed point, and the density reachable point of this point
was calculated in turn. The set of these points was a cluster. Each point of the cluster
was the center, and the cluster was extended with ¢ as the radius. If there were other
unclustered points within this range, the points were expanded as points within the cluster.
They expanded sequentially until the number of points in the cluster no longer expanded.
If the number of points in the cluster was greater than Niin_points, the cluster became an
obstacle. Subsequently, the same calculation was performed on the other unclustered points
in the region of interest until the number of clusters no longer increased. Then, the cluster
was divided into multiple obstacles. The number of clusters is considered the number
of obstacles. Each obstacle cluster had an ID value. A simple schematic diagram of the
clustering process is shown in the figure below. In Figure 4, A is the core point, B and C are
the boundary points of the cluster, and N is the outlier point of the cluster.
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Figure 4. Schematic diagram of the DBSCAN algorithm.

2.2.4. Obstacle Information Calculation

After the above processing, each frame of data was clustered into one or more obstacles,
and the number of obstacles was obtained from the number of clusters. Through the
analysis of each obstacle cluster, the real-time width information of the obstacle could be
obtained, and by analyzing the obstacle clusters between the two frames of data, the motion
state information of the obstacles, such as the relative speed and time to collision (TTC),
could be obtained.

The maximum and minimum values of the abscissa of each obstacle cluster point were
calculated to obtain the horizontal boundary [x;, x;] of the obstacle. Then, the real-time
width (W) of the obstacle was

W =[x, — x| (©)]

To obtain the motion state information of the obstacle, it was necessary to perform
differential processing on the obstacle data in the two frames of data. In order to cope
with a scene with multiple obstacles, it was first necessary to perform interframe matching
on the obstacles between the two frames of data to ensure that the obstacle in the current
frame and the obstacle in the previous frame represented the same obstacle. In this study,
two criteria were used for interframe matching; one was the width of the obstacle, and the
other was the point of the obstacle. For two obstacles to be the same obstacle in two frames
of data, first, the difference between the widths of the two obstacles must be less than the
threshold (w), and second, in the current frame, the abscissa value (x,) of a certain point in
the obstacle cluster is within the range of the abscissa of an obstacle in the previous frame:

|Wcur - Wpre| <w 4

X < xp < xp &)

Each obstacle cluster in the previous frame and the current frame were traversed in
turn, and the ID-matching pair of obstacles between the two frames was obtained. After
obtaining the obstacle matching between the two frames, the relative speed and collision
time of the lidar and the obstacle could be obtained by combining the distance difference of
the obstacle between the two frames and the frame rate.

When calculating the distance between an obstacle and the lidar, if the intermediate
point of the obstacle was directly calculated, there could have been deviations due to the
appearance of individual deviation points in the data. In this study, the 60 method was used
to eliminate the deviation in the data, and the distance between the obstacle and the lidar
was obtained using the average value of the qualified points. The 60 method originated
in quality management and is a statistical quality control method. In this study, it was
used to deal with the longitudinal distance of lidar scanning obstacles. The ordinates of the
cluster points of a certain obstacle in the current frame were {y1, 2 - - - y» }. Their average
was calculated as i, and the standard deviation was calculated as 0y. The ordinates of the



Agronomy 2023, 13, 388

7 of 16

cluster points of the obstacle in the previous frame were {y}, y5-- -y, }. Their average
value was calculated as y’ , and their standard deviation was calculated as O'y/ . The ordinate
of any point of the obstacle in the current frame was y;, and all ordinate points that satisfied
the following formula were found:

lyi =yl <30y (6)

The average value of all ordinates that met this requirement was calculated as the
longitudinal distance (d.,) of the obstacle from the lidar in the current frame. The ordinate
of any point of the obstacle in the previous frame was v/}, and the same method was used to
calculate all ordinates in the previous frame that satisfied the following formula:

vi —'| <30y @)

The same method was used to calculate the average value of all ordinates that met this
requirement as the longitudinal distance (d,r.) from the obstacle to the lidar in the previous
frame. According to the distance change and the time interval between the two frames, the
relative movement speed (v) was obtained.

dore —d dore —d
_ Upre cur _ Upre cur
Y= TAf T T1/EPs ®)

In the formula, At is the time interval between the two frames of data and FPS is the
frame rate of the lidar. According to the current distance between the obstacle and the
lidar and the above-mentioned relative movement speed, the remaining time (¢) before the
obstacle would collide with the lidar could be obtained as:

dCMT dCMT

t= = 9
v (dpre — deur) * FPS ©)

Using the same method, the time for each remaining obstacle to collide with the
lidar was calculated to provide parameter support for the subsequent development of the
pre-collision system.

2.3. Emergency Braking Strategy and Software Development
2.3.1. Emergency Braking Strategy

After the above processing, parameters such as the number of obstacles, the width
of each obstacle, the relative movement speed of the agricultural machine, and the time
until collision with the agricultural machine were obtained. When these parameters
were applied to the agricultural machinery pre-collision system, two main judgment
strategies were used to decide whether to make an emergency stop: 1. A TTC safety
threshold (T;) was set according to the speed of the vehicle and the movement speed of
common obstacles in the work area. If there was any obstacle whose TTC is less than T,
the vehicle was stopped. 2. A dangerous area around the vehicle was set according to
the operation type and the application scenario of the agricultural machinery. In this
research, the area was symmetrical about the Y axis directly in front of the lidar, and the
area could be set by the X and Y values. For each frame of obstacle data processed, it was
judged whether the point closest to the lidar was in the dangerous area by setting the X
and Y values. If there was any obstacle in the area, the vehicle stopped. The division of
areas is shown in Figure 5.
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Figure 5. Data processing area comparison.

2.3.2. Software Development

To apply the algorithm to the actual agricultural machinery operation, we developed
the program of the algorithm. The real-time pre-collision system used C++ programming
and combines the MFC library [21] to compile the lidar communication and real-time de-
tection display interface. The software could fill in the IP of the lidar so that the processor’s
network and the lidar were in the same network segment to establish communication.
When the system was running, the black display area of the display interface would high-
light the point of the obstacle. Moreover, if an obstacle was detected through algorithm
processing that threatened driving safety and required a stop, the system would issue a
stop command, and at the same time a prompt sentence would be output in the text box on
the right side of the interface to allow the debugger or user to observe and confirm. A data
processing flow diagram of the software is shown in Figure 6, and the software interface is

shown in Figure 7.
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Figure 6. Schematic diagram of the data processing flow.
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Figure 7. The software interface.

2.4. Design of a Harvester Pre-Collision System

To verify the effectiveness of the algorithm and apply it to actual agricultural machin-
ery operations, we designed a harvester pre-collision system. The system directed the
harvester to stop when encountering dangerous obstacles based on the obstacle informa-
tion detected by the lidar. The system included a lidar, a display terminal, an automatic
navigation controller, and actuators. A schematic diagram of the hardware design of the
system is shown in Figure 8.

2D Lidar detect
software

Share

Memary

Agricultural Machinery
Navigation Software

Display terminal .
CAN ) $

\’Autopﬂot Controller Static and dynamic obstacles

gﬂ

Electric actuator

Figure 8. Design schematic diagram of the harvester pre-collision system.

The lidar sent the data to the display terminal through the network interface using
the UDP protocol. The terminal had 2 G of memory, a 32 G solid-state hard drive, and a
Windows 10 operating system. The agricultural machinery pre-collision system software
developed in C++ ran on the terminal, and the software could use the algorithm mentioned
above to process the lidar data. At the same time, to achieve an unmanned effect during
the test, the system was integrated with the agricultural machinery automatic driving
system, and the automatic driving software was also running on the terminal. The result,
processed by the pre-collision system, was sent to the autonomous driving program on the
terminal through shared memory. The terminal sent the instruction of whether to stop to
the automatic driving controller through the CAN bus. Through the modification of the
harvester, an electric push rod was used as an actuator to replace the gear in the cab to
control the forward motion, stopping, and reversing of the vehicle body. The controller
controlled the extension and contraction of the electric actuator through the IO port to
control the driving and parking of the vehicle body.

The harvester used in this study was a Lovol Gushen GM-100 (Weifang City, Shandong
Province, China)wheat combine harvester. Due to the particularity of the harvester, when
selecting the installation position of the lidar, to avoid the false recognition of obstacles
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caused by lifting the header and reel, the lidar was installed above the cab in this study.
Moreover, the height of the harvester was 3.2 m. To detect low obstacles while ensuring
the detection range of the lidar and reducing blind spots, the scanning surface of the lidar
was tilted down by 20°. During installation, the 0° direction of the lidar scan was the same
as the front of the harvester, which was the positive direction of the Y axis, and the 90°
direction was the positive direction of the X axis of the coordinate system. Lidar installation
pictures are shown in Figure 9. To facilitate subsequent tests, the pre-collision system was
integrated with the agricultural unmanned driving system. During the test, the display
terminal and controller were installed in the cab to facilitate debugging and the viewing of
obstacles. An installation picture is shown in Figure 10.

Figure 9. Lidar installation.

Figure 10. Display terminal and controller pictures: (a) display terminal; (b) controller.

In order to allow the system to automatically stop when it detected an emergency,
we carried out an electronic control modification to the harvester. An electric actuator
replaced the function of shifting in the cab to realize a program-controlled stop. The electric
actuator was connected with the hydraulic continuously variable transmission on the
vehicle body through a linkage mechanism. An installation picture is shown in Figure 11.
The body stopped when the electric push rod was in the neutral position. The contraction
and extension of the electric push rod, respectively, controlled the forward and backward
movement of the body. The position of the push rod was fed back to the controller through
an angle sensor. The controller controlled the expansion and contraction of the push rod
through the IO port to control the stopping and movement of the body.
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Figure 11. Electric linear actuator installation.

2.5. Experiment

In order to test the detection error of the algorithm and evaluate the effectiveness of
the system, we applied a system to the harvester and carried out field trials at the Beijing
Xiaotangshan National Experiment Station for Precision Agriculture in June 2021. During
the test, two main experiments were carried out; one was the multi-obstacle detection test,
and the other was the pre-collision stopping vehicle test. The lidar was installed at the
transverse center in front of the top of the harvester cab, with a downward tilt of about
17 degrees and an installation height of about 3.2 m. The lidar was fixed on the harvester
with a bracket to ensure its relative position remained unchanged to avoid a change in
position affecting the recognition results. Assuming that the height of wheat is 1 m, in order
to avoid detecting wheat by mistake when detecting obstacles, the wheat part was not
included when setting the region of interest. A schematic diagram is shown in Figure 12.
The multi-obstacle detection test was carried out under an actual harvest scenario. During
the test, several people were arranged to walk irregularly in front of the harvester to verify
its detection effect. The pre-collision stopping vehicle test was a dynamic test. During the
test, the harvester was driven into the wheat field for automatic driving operation, and
the normal driving speed was 5 km/h. At the same time, people walked in front of the
harvester as an obstacle to test whether the system detected and stopped effectively.

7.196m

Figure 12. The installation position and obstacle detection of the lidar on the harvester.

In the experiment, the angular boundary range of the region of interest was set to
[—70°, 70°]. Moreover, because of the harvester’s particularity, the lidar’s installation
had an inclination angle. In order to avoid the false detection of wheat, according to
the inclination angle and the height of the wheat (the average height in this experiment
was 70 cm), the distance range was set to 7.3 m. The sliding window size of the median
filter was 5. The minimum number of clustering points was 4, and the clustering distance
threshold was 0.75 m. The TTC safety threshold was 30 s. According to the width of the
harvester, the extended length of the header, and the speed of the vehicle, the x range of
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the dangerous area was set to [—3, 3], and the range of y was [0, 4]. A test picture is shown
in Figure 13.

Figure 13. The experiment.

3. Results and Discussion
3.1. Multi-Obstacle Detection Results

In order to test the detection effect of the algorithm on multiple obstacles, during the
test multiple people in the wheat field were tested as obstacles. The heights of the people in
the experiment were 1.75-1.82 m. A test picture is shown in Figure 14. The lidar data were
processed according to the above algorithm steps, and the data of each step were recorded
for analysis. Each processing step is shown in Figure 15.

Figure 14. Multi-obstacle detection.

Figure 15 shows the processing effect of the algorithm at each step. Figure 15a is the
original lidar data in the polar coordinate system. It can be seen in the figure that due to
the installation position and angle of the lidar and because its left and right sides were
blocked, most of the returned lidar data were in the front. The data from the region of
interest that were extracted and converted to the rectangular coordinate system are shown
in Figure 15b. It can be seen in the figure that there was some reduction in the data after the
region of interest was extracted, and there were some outliers on the right side of the figure.
After filtering, the partial separation group points disappeared, as shown in Figure 15c.
The result of clustering the processed data is shown in Figure 15d. There are six clusters
in the figure. Compared with the previous figure, two points are not shown in the figure
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because they did not meet the clustering conditions. Each different cluster is represented
by a different color.
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Figure 15. Data processing diagram of each step: (a) raw data in a polar coordinate system; (b) data
in the ROl in a Cartesian coordinate system; (c) filtered data; (d) clustered data.

Figure 15 was compared with Figure 14 to analyze the obstacle information. Cluster 1
in blue was the harvested ground, with few ups and downs. Cluster 2 in orange was an
unharvested wheat field with a relatively stable height. The gap between the two clusters
was the harvest boundary. Since the forward center of the installed lidar was close to the
left side of the vehicle body and the harvester was closer to the harvesting boundary on
the left side, the lateral center of the collected lidar data was near the harvesting boundary.
Because the lidar had an installation inclination angle, combined with the wheat’s height
and the stubble’s height after harvest, the longitudinal distance of the detected wheat
and the ground was also consistent with the actual situation. Cluster 3 in gray, cluster
4 in yellow, and cluster 5 in light blue in the upper right of the graph correspond to the
four people in the front right and far away from the harvester in the experimental graph.
Since the lidar installation had a certain scanning angle and these people were relatively
close, two people were clustered as one obstacle during the clustering. However, it did not
affect the overall pre-collision effect. Cluster 6 in green at the bottom right of the graph
corresponds to the white-clothed person near the harvester in the experimental picture. It
can be seen from the experiment that the application of this algorithm can realize low-cost
two-dimensional lidar harvester multi-obstacle detection.
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A total of 223 frames of data were collected and clustered during the multi-obstacle
detection, of which 212 frames were correctly clustered. The accuracy rate of the multi-
obstacle detection was 95.06%.

3.2. Pre-Collision Results

In order to test whether the pre-collision system could stop autonomously after detect-
ing dangerous obstacles, we conducted a test. In order to test the effect of the pre-crash
system, experiments were carried out in this research. During the test, humans acted as
obstacles within the detection range of the lidar to test whether the system could stop
autonomously after detecting dangerous obstacles. During the test, the number of obstacles
that occurred in front of the harvester and the number of vehicle stops were recorded.
The test results’ precision rate and recall rate were calculated to analyze the system’s

abnormal situation.
Tp

P=_—-—- 10
ot B (10

Tp
R=_—_—"- _ 11
ot Fx (11)

where P is the precision rate and R is the recall rate; Tp is the number of times an obstacles
occurred and the vehicle stopped correctly; Fp is the number of times an obstacles occurred
and the vehicle did not stop; and Fy is the number of times the vehicle stopped without
obstacles. The harmonic mean value (F) of the precision rate and recall rate is

(a2 +1) x P xR
a?(P+R)

F= (12)
In the formula, « is the value of the harmonic parameter. Under normal circumstances,
the value of « is 1. In this case, F is

_2xPxR

b= P+R (13)

Five groups of experiments were conducted in this study. Each group included
4-6 anti-collision tests. The number of trials and the number of successful trials in each

group were recorded. The recorded data analysis is shown in Table 2.

Table 2. Analysis of pre-collision system test.

The Number .
Test Group Number of of Obstacles The Number of Precision Rate Recall Rate Harmonic
Frames Vehicle Stops Mean Value
That Occurred
1 791 5 5 100% 100% 100%
2 849 4 4 100% 100% 100%
3 610 5 4 80% 100% 88.89%
4 1274 6 5 83.33% 100% 90.91%
5 341 5 5 100% 100% 100%

It can be seen in Table 2 that in the five groups of experiments that were carried out,
tests 1, 2, and 5 could all stop correctly. However, in test groups 3 and 4, the number
of vehicle stops was less than the number of obstacles that occurred; that is, there was a
situation where an obstacle appeared, but the vehicle did not stop. This led to a drop in the
recall rate. The reason may be that the obstacle was not within the effective detection range
of the lidar, causing the failure to stop the vehicle. Alternatively, the obstacle was not in
the danger zone, and the time to collision had not reached the set threshold, so the vehicle
did not stop. In this situation, the harmonic mean values of the third and fourth groups
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were 88.89% and 90.91%, respectively. The average precision rate was 92.67%. The average
harmonic mean value was 95.96%.

4. Conclusions

This research used low-cost two-dimensional lidar to detect obstacles in farmland.
An algorithm for identifying multiple obstacles and calculating each obstacle’s size and
movement status was proposed. The algorithm performed pre-processing to delineate
the region of interest, perform coordinate conversion, and filter the data. Then, it used
the density-based clustering method to obtain the number and width of each obstacle.
Finally, the relative motion speed and the time to the collision for each obstacle and the
vehicle body were obtained based on the interframe difference algorithm. This algorithm
was used to realize the software development of agricultural machinery pre-collision
systems, using Windows as the system platform and C++ as the programming language.
Multi-obstacle tests and pre-collision tests were carried out on the system. The test results
showed that the system could effectively detect multiple obstacles. The accuracy rate
of multi-obstacle detection was 95.06%. The accuracy rate of stopping when dangerous
obstacles were detected was 92.67%. The harmonized average of the accuracy and recall
rates was 95.96%. This research provides a foundation for the safe autonomous driving of
agricultural machinery. In the future, more complex and efficient obstacle circumvention
strategies can be studied based on the number, width, speed, and other parameters of the
detected obstacles.
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