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Abstract: Improving pesticide application efficiency is increasingly important in orchard spraying. In this study, a
laser-scanning system was designed to acquire gridding volumes of a tree to quantify the geometry characteristics of the tree
canopy in real-time. A laser-scanning sensor mounted on a linear guide was utilized to measure the structure of a target tree
canopy. A computer was used to receive measurement data from the laser scanner and obtain the movement distance of the
laser-scanning sensor from a controller.  An algorithm written with VVC# program was designed to calculate gridding volumes
of trees by recognizing valid measurement data from the laser scanner. Laboratory evaluations were conducted on three kinds
of regular objects, and the maximum relative errors of section volumes of the cuboid, triangular prism and cylinder objects were
3.3%, 7.9% and 9.4%, respectively, which illustrated that the algorithm could calculate the section volumes in different parts of
the objects with high accuracy. A conifer tree and an apple tree were chosen to verify detecting accuracy of the laser-scanning
system at variable speeds and grid sizes. The variation coefficients of total volumes for each kind of the tree were 0.078 and
0.041, respectively, which indicated that the laser-scanning system could be applied to provide the gridding volumes of
different canopy densities in real-time with good reliability for guiding a variable-rate sprayer.
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1 Introduction

Improving pesticide application efficiency is more
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important with the development of precision agriculture
research in an orchard. A sprayer with variable-rate
spray functions™® makes it possible to reduce pesticide
applications, decrease chemical deposits on the ground,
and minimize environmental pollution.

In recent years, tree detection sensors for variable-rate
sprayers, mainly including infrared sensors, ultrasonic
sensors and laser scanners, have been used in measuring
tree canopy characteristics such as canopy porosity and
foliage density®®.  Zhai et al."® verified the little
influence of velocity on orchard tree volume detection
using ultrasonic sensor and proposed a method for
estimating canopy density with a detecting system based
on an ultrasonic sensor. Kang et al.’**? developed a

sucker detection method based on information fusion
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using laser scanner and machine vision to identify and
locate grapevine sucker with high recognition rate and
relative position accuracies, proposed a targeted spray
application for grapevine sucker control in grape vineyards.

1.231%] ysed a laser scanner to estimate 3D

Rosell et a
structure and canopy surface of trees, and realized tree
reconstruction based on point cloud data with a short
processing time using the proposed algorithm. Yu et
al.l®" puilt a platform for measuring the fruit tree
canopy volume by using a laser-scanning sensor
combined with AHRS and DGPS sensors. They all
obtained tree canopy volumes with small relative
measuring errors, comparing with manual measurements.
However, all of the measurement data needed to be
analyzed after being collected, which would make the
spraying work complicated.

Meanwhile, three-dimensional (3D) laser-scanning
sensors were also applied to estimate tree canopy volume

(1819 It could be used to offer

in recent years
high-precision measurement data and build 3D models of
tree canopies by the laser point cloud in the geodetic
coordinate  system. However, it is not only
time-consuming for the 3D laser-scanning sensor during
the data post processing, but also too expensive to be
applied for spraying work in an orchard.

Chen et al.*?! developed a variable-rate air-assisted
sprayer prototype with a laser-scanning sensor to control
the flow rate of individual nozzles depending on the
foliage density in real-time. The intelligent sprayer
could detect not only the foliage density, but also the
canopy height, width, volume and occurrence of one side.

Osterman et al.[??

proposed a canopy boundary-
smoothing algorithm for positioning of spraying arms
which were mounted on an orchard sprayer based on a
laser-scanning system. However, the scanning system
needed to work at a constant speed since the sprayer did
not have a speed sensor to measure the travel speed in
real-time. Llorens et al., Gamarra-Diezma et al. and
Miranda-Fuentes et al.”*?*! developed a variable-rate
sprayer prototype with ultrasonic and laser sensors, and
compared the accuracy of both detecting methods,
concluding that improving the method of data processing

was still needed while a laser scanner could provide more

accuracy and detailed information about the canopy.

In order to enable the sprayer to provide uniform
spray deposition across an entire tree canopy, its canopy
structure was divided into sections, and each section
received a certain amount of pesticide based on its
volume or foliage density. The objective of this
research was to develop a system with an optimized
calculating algorithm to estimate the volume of each

section in the tree canopy grid at variable moving speeds.
2 Materials and methods

2.1 Design of detecting system

The used detecting system whose structure diagram is
shown in Figure 1 mainly included a laser-scanning
sensor, a linear guide, an incremental encoder, a servo
motor control system (controller) and a computer. The
high-speed laser-scanning sensor (LMS511, SICK, Inc.,
Germany) was mounted on a linear slider of the 2 m long
linear guide to scan target trees vertically to characterize
canopy structures. The linear slider was driven by a
servo motor with a speed range of 0-5.4 km/h using the
controller to simulate the movement of a tractor. The
height of the laser-scanning sensor could be adjusted on
the linear guide. The incremental encoder was used to
measure the distance that the laser scanner travelled, and
transmit the pulse signals to the controller. The computer
was used to obtain the movement distance data of the laser
scanner from the controller, receive measurement data
from the laser scanner, calculate the volumes of all
sections, and send spray data to the controller in real-time.

A gridding volumes calculating software was
developed using C# language which could run on a
computer. The scanning parameters on the interface
included the distance between the laser-scanning sensor
and tree row plane, the scanner height, the height and the
width of each canopy section covered by each nozzle, and
the distance between laser-scanning sensor and nozzles.
After the parameters set up, the computer communicated
with the laser-scanning sensor at a certain scanning mode,
received a stream of measurement data continuously,
manipulated the range data stream and calculated section
volumes, displayed the gridding volumes data on the

interface and saved them in an excel file at the same time.
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Figure 1 Structure diagram of laser-scanning system

In order to transmit measurement data at maximum
speed, the laser scanner and computer were connected
with an Ethernet cable, because it was the only way to
output all measured data of each scan in real-time using
an Ethernet interface. The data transmission rate was
100 Mbit/s. The

continuously transmit and receive 361 signals in a 180°

laser-scanning sensor could
radial range with 0.5<angular resolution within a 20 ms
measurement cycle. In this study, the sensor was tuned
to receive 241 signals from 30° to 150° with 0.5°
angular resolution to improve the system operation
speed. In the program, a timer was inserted at the
beginning of receiving the movement distance data from
the controller. And the amount of time consumed by
each processing cycle would be calculated after showing
The each

processing time was no more than 30 ms, which would

the gridding volumes data on the interface.

meet the demand of dividing a tree canopy into small
sections when a sprayer traveled at normal working
speed.
2.2 Measurement data acquisition and preprocessing
When the laser-scanning sensor traveled on the linear
guide, the incremental encoder transmitted pulse signals
to the controller. And then, the controller accumulated
the pulse signals and sent the movement distance, which
represented the width of the canopy grid (w), to the
computer.  After that, the computer asked for a

measurement data from the laser-scanning sensor. The

tree canopy profile facing to the laser-scanning sensor
was detected and all of the measurement data were
assembled into a measurement data string which was then
sent to the computer.

In this procedure, the header of each measurement
data string was firstly identified, and then the expected
amount of the measurement data was parsed. If an
error data string was received, the program would
discard the string and begin to receive next one until
every measurement datum was read in accordance with
the order of the angle increment. The canopy depth (d;)
between the point detected on the canopy surface and
the tree row center, and the height of each point (h;) was
calculated according to the measured data and angles.
Subsequently, unwanted measurement data from the
ground, sky, or objects beyond the targeted tree row
plane would be filtered by comparing the canopy depth
(di) with preset threshold.
including the canopy depth (d;) and the height of each

Finally, a new string,

point (h;), was created for later calculation of the canopy
volume.
2.3 Algorithm design

In this study, ‘section volume’ as labeled in the red
box (Vi or V,) in Figure 2, represented the enclosed space
between canopy profile and the tree row plane. The
detected tree canopy was equally divided into multiple
sections in the vertical direction with a certain height;
therefore, each section covered a varied number (N) of
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data points. The program would organize the
measurement data for each section to calculate gridding
volumes.

Tree canopy includes foliage materials (leaves and
branches) and empty spaces®”. It is very common that
the laser beam goes through the tree (point C, which
would be filtered in preprocessing) from empty spaces, or
goes into the canopy (point D) because of the lack of
leaves. As a result, two adjacent data points (points A,
B, points D, E, which were read in the measurement data
string one by one) would exist two situations. One
situation is that hi.; (the height of point B) is higher than
h; (the height of point A). The other one is that the hp
(the height of point D) could be higher than or equal to he
(the height of point E).

into the canopy, the second situation might lead to the

Because the laser beam goes

measurement data read earlier located higher than the
data read later. As a result, all of the measurement data
in one string needed to be rearranged in order of height.
In order to calculate the section volumes, all the volumes
between two adjacent data points in one section needed to
be accumulated. The difference of the adjacent data
points’ heights was used as the height of the volumes

between two adjacent data points.
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Figure 2 Top and front view representation of a scanning
procedure

The formula for calculating the section volume of the
canopy (Vi) is shown as follows:

Ny
Vk :Z(hi+1_hi)'w'di+1
i=1
h =H,-R -cose,
d, =D, —R; -sing,
AH=H,-H,

(h e[H, ., H, 1.k €[1,20]) (2)

where, i is the index of the data point after rearrangement
in order of height; h; is the height of the individual data
point i, mm; w is the width of a section of the canopy grid,
mm; d; is the depth of the data point i, mm; Hy is the
height of the section k, mm; Ny is the number of the data
points in section k; Hs is the height of the laser-scanning
sensor, mm; Dy is the distance between the laser-scanning
sensor and the tree row plane, mm; R; is the distance from
the data point i to the sensor, mm; ¢; is the vertical angle
of the laser beam i, (9; 4H is the height of a section of
the canopy grid, mm.

Finally, the program would show volumes of the
sections of each scan on the screen in the form of
histogram, and save them to an excel file. The program
flowchart for calculating section volumes is shown in

Figure 3.
Initialize the system l

v

| Receive the movement distance data from the controller |<—
v

| Ask for the measurement data from the laser-scanner
v

| Filter improper measurement data |
v

| Calculate the height data of each point |
v

| Rearrange measurement data in order of height |
v

| Calculate the volume of each section |
v

I Show and save gridding volumes of single scan |

N

Figure 3 Program flowchart for calculating section volumes

2.4 Experimental procedure

In order to verify the accuracy of volume calculating
of the algorithm, a cuboid (Length=560 mm; Height=
950 mm; Thickness=360 mm), a cylinder (Diameter=
580 mm; Height=880 mm), and a triangular prism
(Length=710 mm; Height=1165 mm) were used for
testing. The test was conducted 6 times at 1.5 km/h,
3.0 km/h and 4.5 km/h.  The height (4H) and the width
(w) of each section of the canopy grid were set to be
150 mm and 50 mm, respectively. The scan distance
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(Ds) was set to be 1500 mm; the height of the
laser-scanning sensor (Hs) was set to be 1500 mm.
During the test, the laser-scanning sensor would move
forward and back on the linear guide at different speeds.
After each
test was finished, the gird volumes saved in the excel file

The movement in one direction was one test.

would be analyzed and compared with the real volumes
of objects.

Two kinds of trees, a conifer tree and an apple tree,
were chosen to test the total volume uniformity with the
laser-scanning sensor scanning 6 times at different speeds
of 1.5 km/h, 3.0 km/h and 4.5 km/h.
velocity was 2.8 m/s.

The average wind
The conifer canopy was relatively
dense. The height and maximum width of the conifer
canopy were about 1300 mm and 500 mm. The scan
height (Hs) and the scan distance (Ds) were both set to be
1500 mm. The width (w) of canopy grid was set to be
50 mm, 75 mm and 100 mm, respectively in scanning
precision tests. The apple canopy was relatively sparse.
The height and maximum width of the apple canopy were
about 2900 mm and 1400 mm. The scan height (H) and
the scan distance (Ds) were 1700 mm and 1950 mm.
The width (w) values of canopy grid were set to be

50 mm, 100 mm and 150 mm, respectively.

3 Results and discussion

3.1 Results of detecting regular objects

The results of the gridding volumes of three regular
objects which were analyzed using Matlab are presented
in Figure 4. The reason why the volumes of the top
sections were lower than other sections was that the top
sections were not full. The results presented in Figures
4 and 5 showed that the detection gridding volumes were
sharply in accordance with the shape of the objects.
Each section volume®” was very close to its real volume,
and the maximum relative errors are 3.3%, 7.9% and
9.4% respectively as shown in Table 1. However, the
maximum relative errors of the objects increased
gradually. That’s because the shape of each divided
section is not a standard cuboid due to the profile of the
triangular prism while they were calculated as a cuboid.
The similar thing happened when the cylinder was
detected, and the volumes of some sections are larger
than the triangular prism’s because of the profile of the
cylinder. It could also be demonstrated by the results
shown in Figure 5, some parts (detection position 9 to 14
of the triangular prism; detection position 1 to 5 of the

cylinder) of the section volumes are slightly larger than

the actual volumes, and the others are smaller.

Figure 4 Gridding volumes of regular objects
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Figure 5 Comparison of the gridding volumes of regular objects
at different speeds

Tablel Maximum relative errors of gridding volumes of
objects at different speeds

Object Cuboid

Velocity/kmh™ 15 30 45 15 30 45 15 30 45

Max. relative
error/%

Triangular prism Cylinder

29 22 33 51 73 53 89 94 41

As shown in Figure 5, the relative errors of section
volumes of the cuboid objects in different parts had no
big difference, but the relative errors of section volumes
on both sides of the edge of cylinder and triangular prism
objects were little bigger than them in the center. The
deviation of the section volume was bigger at the edge of
the objects mainly because the deviation of the scan
position at each test. In addition, the systematic

measurement error of laser-scanning sensor which was

430 mm typically, and the measurement of the scan
height (H;) and the scan distance (Ds) with steel tape
made the deviation either. The results demonstrated that
the algorithm for the control system was able to calculate
the volumes of the sections with little variation.

The total volumes of the regular objects detected
using the laser-scanning sensor at different travel speeds
are shown in Figure 6. The total volumes detected
under different detecting speeds were very close, with
It illustrated that

the algorithm for the scanning system was able to obtain

maximum relative error less than 5%.

the total volume of the regular object and the volume of
each section precisely at different speeds.

45

4.0F _I_ I -5 km/h
[Cv=3.0km/h

35F I =45 km/h

Total volume/10* mm®

n

Cylinder Triangular prism

Cuboid

Figure 6 Total volumes of the regular objects detected at different
speeds

3.2 Results of detecting individual trees

The gridding volumes for two kinds of trees detected
using the laser-scanning sensor at different speeds are
shown in Figure 7. The section volumes of the trees
were analyzed using Matlab. The trees’ canopies
detected under different grid sizes were similar, which
demonstrated that the algorithm could characterize trees’
And this is one of the

important design criteria of the detecting system for

canopy structures stably.
variable-rate spraying. Some section volumes of two
kinds of trees had variation probably because the
laser-scanning sensor started to scan the apple tree at
different locations and the branch was slightly swaying in
the wind during the test.

The average total volumes of each individual tree
detected using the laser-scanning sensor at different grid
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sizes and speeds are shown in Figure 8. There was also
no big difference in the total volumes of the trees under
different detecting circumstances, which also showed that
the velocity had little influence on orchard tree volume
detection®®], However, the maximum variances of the

total volumes detected at different grid sizes increased

gradually. It illustrated that the detecting accuracy
would decrease when the grid sizes were getting bigger.
The coefficients of variation of the total volumes of the
two kinds of trees were 0.078 and 0.041 respectively,
which indicated that the algorithm could calculate tree

canopy volumes with high repetitive detection accuracy.
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4 Conclusions

A fast algorithm was developed to calculate tree
canopy gridding volumes, which could be applied at
various speeds. The tests with the regular objects were
conducted to validate the accuracy of the algorithm for
Results showed that the

maximum relative errors of section volumes of the cuboid,

calculating gridding volumes.

triangular prism and cylinder objects were 3.3%, 7.9%
and 9.4%, respectively. The errors of the total volumes
It indicated
that the velocity had little influence on calculating the

were less than 5% at different travel speeds.

section volumes in different parts of the objects.

The experiment for two kinds of trees showed that the
detecting system could characterize tree canopy structures
of different densities with good reliability. The variation
coefficients of the total volumes of the two kinds of tree
It indicated that the
laser-scanning system could provide a good estimation of

were 0.078 and 0.041, respectively.

the canopy volume in real-time for guiding a variable-rate
sprayer.
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