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Summary

The described system is suitable for contactless and automated measurement and scoring of
plants cultivated on benches in greenhouses. The system can determine plant height with an
accuracy of approximately 5 mm and measure leaf area in pixels. It comprises two units:

1. Mechanical unit: The mechanical unit consists of aluminium profiles arranged in an X,
Y, and Z axis configuration. It houses the stepper motors responsible for driving the
individual axes and the motor control unit.

2. Software and sensor unit: This unit includes a Linux-based single-board computer
with a touch display and an RGB-D camera.

Measurements can be performed manually or automatically at a chosen time. The
measuring system operates on rollers located at the edge of the bench, allowing
unrestricted use of the surface. It can either remain on a single bench or be moved to other
benches. Open-source programs were utilized to the greatest extent possible for this
measuring system, and all source codes used and developed are available online
(www.blab.de).

1 Introduction

The objective of this work package was to capture the height growth of plants in a mobile
manner. To achieve this, the image acquisition system needed to be manually transportable
from one bench to another.

2. Material & Methods
In this section, the developed system is presented in detail.
2.1 Mechanical unit

A FarmBot Genesis v1.4 was utilized and modified for the mechanical construction and drive
of the sensor system. The FarmBot is an open-source project aimed at creating an
autonomous garden robot (www.farmbot.org). In its original state, the X- and Y-axes are
equipped with a belt drive, while the Z-axis employs a spindle drive. For this sensor system,
the aluminium frame was affixed to a wooden structure that determines the Xand Y
dimensions. The belt drive of the X-axis and the wooden frame were replaced with a roller
drive. The length of the Y-axis was fixed to match the width of the planting table, which is
160 cm. With the roller drive, it becomes theoretically possible to traverse a planting table of
160 cm width and indefinite length. All the additional components used for the conversion
to a roller drive were produced affordably using a 3D printer. Figure 1 illustrates the roller
drive employed. A specially designed holder was created to accommodate the stepper
motor and an inductive proximity sensor. The proximity sensor detects the metal plant table
and signals the system when the end of the bench has been reached, resulting in an
immediate halt of the machine. A proximity sensor was installed in both directions of travel.



http://www.farmbot.org/

It should be noted that an inductive proximity sensor can only detect metallic materials. If
the planting table is non-metallic, an alternative type of limit switch must be utilized.

Figure 1: Developed roller drive with inductive proximity switch as limit switch. Roller
diameter approx. 30 mm

2.2 Software und sensor unit

The software operates on a Raspberry Pi 4 single-board computer with 2 gigabytes of RAM
and a 64-bit Raspbian operating system. The software responsible for controlling the camera
and the FarmBot was developed using MVTec Halcon version 20.11 with HDevelop. It is
executed on the Raspberry Pi using MVTec's HDevEngine. To install Halcon on the Raspberry
Pi 4, the instructions provided in the following link were followed: https://www.heindI-
solutions.com/blog halcon on raspberrypi.html. In order to use the Intel RealSense D435
depth camera with Halcon, the RealSense driver provided by MVTec must also be installed,
which can be downloaded. If a different depth imaging camera is utilized, the appropriate
camera drivers may need to be installed or developed.

The software manages the incoming and outgoing information, controls the FarmBot, and
displays the current system status on the screen. Users can control and adjust the system via
a control panel. Upon starting the system, an automatic measurement time and the
dimensions of the planting table (length and width) are read from a configuration file (a text
file). If any of these three parameters need to be modified during operation, the
corresponding lines in the configuration file can be edited and saved. The control panel
allows users to load the new parameters into the system and update them using the 'Set’
key.

Figure 2 shows an example of the system's user interface during operation. The developed
software is available under the following link: http://www.blab-osnabrueck.de/BLab-code
No 20231 - Results Interreg-VB project SmartGreen — WP5



https://www.heindl-solutions.com/blog_halcon_on_raspberrypi.html
https://www.heindl-solutions.com/blog_halcon_on_raspberrypi.html
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Figure 2: Graphical user interface of the programme for controlling a FarmBot for measuring
plant populations in greenhouses. Top left: Sponsor logo, centre left: User input field for
controlling the system. Bottom left: Output of the current FarmBot status, current time and
position of the camera above the planting table in millimetres. Right: Output window for
displaying recorded depth and colour images.

When measurements are triggered either manually or automatically based on the set time,
the sub-program executes a series of actions. It moves the camera across the bench,
capturing and saving depth images at specific positions on the table.

The process begins by capturing a depth image at the current camera position. From this
depth image, the distance between the camera and the planting table is determined. Using
the image aperture angles of the depth camera in the horizontal and vertical directions, the
real size of the depicted depth image on the planting table is calculated. These calculations
are used to determine the camera's position above the bench, represented by blue
rectangles in Figure 3. The calculated width and height of the image in millimeters help in
positioning the camera correctly.

Next, the system searches for and approaches the home position. Once the home position is
found, the camera is shifted by half the picture height in the X-direction and half the picture
width in the Y-direction. This position corresponds to the first recording position on the
planting table, indicated by a red dot in the illustration. As the camera moves, pictures are
continuously taken, incrementing the X direction by one image height until the end of the
table is reached (red circles). Subsequently, the Y position is extended by one image width,
and the X position is reset to half an image height to record the bench length again. This
travel path is schematically represented by black arrows in the illustration.



The process repeats until the maximum table width and length are reached. At each camera
position, a picture is taken and saved on the Raspberry Pi along with the current position of
the FarmBot. At the current stage of development, the downloaded images need to be
transferred to another desktop computer for subsequent image processing and plant height
determination, see http://www.blab-osnabrueck.de/BLab-code No 20231 - Results Interreg-
VB project SmartGreen — WP5
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Figure 3: Schematic representation of the measuring positions and direction of recording of
the depth imaging camera during a measuring.

2.3 Image processing

The processing of the captured depth images was performed on a Windows desktop
computer using the image processing software Halcon®. The first step involved error
correction of the depth images. In instances where the Intel RealSense camera failed to
generate depth information, the corresponding pixels were assigned to a grey value of zero.
It is possible to eliminate these "false" pixels manually by applying a threshold value. The
resulting error-corrected depth image contains depth information for both the background
(bench) and the foreground (plants). The image can be segmented into these two regions
using the Otsu filter.

If the background is clearly visible, it can be utilized for correcting the plant heights. An
algorithm for height data correction using the background is available online at the following


http://www.blab-osnabrueck.de/BLab-code%20No%2020231%20-%20Results%20Interreg-VB%20project%20SmartGreen%20–%20WP5
http://www.blab-osnabrueck.de/BLab-code%20No%2020231%20-%20Results%20Interreg-VB%20project%20SmartGreen%20–%20WP5

link: http://www.blab-osnabrueck.de/BLab-code No 20231 - Results Interreg-VB project
SmartGreen — WP5 => B.Sc.-Thesis Alma Gramm, Annex. Alternatively, if the background is
not clearly distinguishable, the average distance between the camera and the background
can be used to estimate plant heights. The plant region in the image contains the depth
information necessary for determining the actual plant heights. The mean value of all pixels
within this plant region is considered as the mean plant height in the corresponding depth
image.

For a more comprehensive description of the image processing steps involved in
determining plant heights from depth images, see Appendix (Bachelor thesis Alma Gramm).

2.4 Proof of concept - experiment

To evaluate the system's performance in real greenhouse conditions, a fertilization trial was
conducted at the Osnabrick University of Applied Sciences site. On 14th February 2023,
multiple trays of Tagetes patula 'Disco Granada' plants were taken into a greenhouse. The
trays were split into two groups. The first group (left on pictures 5 to 7) was irrigated solely
with clear water, while the second group (right on pictures 5 to 7) received regular
fertigation (0,8 g I'* Ferty 2 Mega), resulting in different growth rates.

The initial measurement of both groups took place on 25th February 2023. Subsequently, a
second measurement was conducted 9 days after the initial measurement, followed by a
third measurement 13 days after the first measurement. These sequential measurements
allowed the assessment of the plants' growth progression over time. Figure 4 shows the
setup at the beginning of the experiment.

Figure 4: Tagetes patula in the greenhouse at the Osnabriick University of Applied Sciences
site with the measuring system ready for use at the home position.


http://www.blab-osnabrueck.de/BLab-code%20No%2020231%20-%20Results%20Interreg-VB%20project%20SmartGreen%20–%20WP5
http://www.blab-osnabrueck.de/BLab-code%20No%2020231%20-%20Results%20Interreg-VB%20project%20SmartGreen%20–%20WP5

3 Results

The evaluation procedure via the programme 'R' can be derived from the Appendix. Figure 5
displays the average height of the plant population on the measured bench at the beginning
of the measurement. The black outlined regions correspond to depth images, and the
indicated heights represent the averages of all individual plants within each depth image.
Initially, both experimental groups had uniform heights. Across the entire bench, the plants
had an average height of approximately 110 mm, with a standard deviation of 2.3 mm.
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Figure 5: Average height of Tagetes patula on the bench. A black rectangle corresponds to a
depth image. Heights correspond to the mean value of all plants in a depth image.

Moving on to Figure 6, it illustrates the relative growth of the plants after 9 days. The plants
only irrigated with water exhibited a lower growth rate compared to the fertilized variant,
particularly in the back part of the table (right side of the picture). The unfertilized plants
showed an average growth of 15.2 mm after 9 days, with a standard deviation of 1.3 mm. In
contrast, the fertilized group demonstrated an average growth of 22.1 mm after 9 days, with
a standard deviation of 2.1 mm.
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Figure 6: Mean growth of Tagetes patula 9 days after the first measurement. A black
rectangle corresponds to a depth image.

Figure 7 presents the plant growth after 13 days. The unfertilized plants displayed an
average growth of 20 mm after 13 days, with a standard deviation of 1.4 mm. In comparison,
the fertilized plants exhibited a growth of 34.8 mm during the same period, with a standard

deviation of 3.9 mm.
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Figure 7: Mean growth of Tagetes patula 13 days after the first measurement. A black
rectangle corresponds to a depth image.



4 Conclusion

These results show that the system described, combined with the applied image processing
methods, is capable of measuring and discerning distinct growth dynamics within a bench.
This has significant implications for horticulture and ornamental plant cultivation. The
system enables accurate determination of plant growth within a population, facilitating
targeted interventions such as identifying appropriate treatment or harvest dates.

Moreover, the system provides data for assessing inhomogeneous plant growth, such as
discrepancies caused by incorrect fertilizer or water application or effects in peripheral areas
of greenhouses. By localizing variations in plant growth, the system offers initial insights into
suitable remedial actions. The automated height measurement feature of the system
provides novel data that can be accessed remotely, supporting growers in their decision-
making processes.



Appendix: R-Script for data visualisation

//Visualisation of the growth rates of plants on a planting table in the greenhouse. The read-
//in data was created in advance with the image processing software Halcon and includes
//the X and Y position of the sensor above the planting table and the measured average
//plant height below the sensor. The generated graphics depict the planting table and show
//the growth rates at different measuring times.

//Loading the required R-packages
library(readr)
library("ggplot2")

//Reading the image processing output files of three different image sets (different time
points)

Height_1 <- read_delim("Example_Output_Date_1.txt",

delim =":", escape_double = FALSE, trim_ws = TRUE)

Height 2 <- read_delim("Example_Output_Date_2.txt",

delim =":", escape_double = FALSE, trim_ws = TRUE)

Height 3 <- read_delim("Example_Output_Date_3.txt",

delim =":", escape_double = FALSE, trim_ws = TRUE)

//Calculate the difference between the mean height at time point 1 and 2
Height Diff1 <- Height _2SMean - Height _1SMean
Height _1SDiff1 <- Height Diff1

//Calculate the difference between the mean height at time point 1 and 3
Height Diff2 <- Height _3SMean - Height_1SMean
Height _1SDiff2 <- Height Diff2

//Creation of a height map showing the mean plant growth from the first measurement to
the second measurement on a planting table



ggplot(Height _1, aes(X, Y)) +
geom_tile(aes(fill = Diff1), colour = "#000000", linewidth = 2) +
geom_text(aes(label = Diff1))+

scale_fill_gradient2(low = "red", mid = "yellow", high = "green", midpoint = 25,
name="Plant growth (mm)", limits = ¢(10,40))+

labs(x = "Table length (mm)", y = "Table width (mm)") +
theme(

axis.title.x = element_text(size = 16),

axis.text.x = element_text(size = 14),

axis.text.y = element_text(size = 14),

axis.title.y = element_text(size = 16))

//Creation of a height map showing the mean plant growth from the first measurement to
the third measurement on a planting table

ggplot(Height _1, aes(X, Y)) +
geom_tile(aes(fill = Diff2), colour = "#000000", linewidth = 2) +
geom_text(aes(label = Diff2))+

scale_fill_gradient2(low = "red", mid = "yellow", high = "green", midpoint = 25,
name="Plant growth (mm)", limits = ¢(10,40))+

labs(x = "Table length (mm)", y = "Table width (mm)") +
theme(

axis.title.x = element_text(size = 16),

axis.text.x = element_text(size = 14),

axis.text.y = element_text(size = 14),

axis.title.y = element_text(size = 16))

//Creation of a height map showing the mean plant height at the first measurement on a
planting table

ggplot(Height _1, aes(X, Y)) +
geom_tile(aes(fill = Mean), colour = "#000000", linewidth = 2) +
geom_text(aes(label = Mean))+

scale_fill_gradient2(low = "red", mid = "yellow", high = "green", name="Mean plant height
(mm)") +



labs(x = "Table length (mm)", y = "Table width (mm)") +
theme(

axis.title.x = element_text(size = 16),

axis.text.x = element_text(size = 14),

axis.text.y = element_text(size = 14),

axis.title.y = element_text(size = 16))



