August, 2024

Int J Agric & Biol Eng Open Access at https://www.ijabe.org Vol. 17 No. 4

67

Design and experiment of a picking robot for Agaricus bisporus
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Abstract: Harvesting represents the crucial stage in the cultivation process of Agaricus bisporus mushrooms. An important
way for the production process of Agaricus bisporus to reduce costs and increase income is to ensure timely harvest of
Agaricus bisporus, reduce harvesting costs, and improve harvesting efficiency. There are many disadvantages in manual
picking, such as high labor intensity, time-consuming work and high cost. In this study, a set of mushroom picking platform
including climbing mechanism, picking robot, and control system was designed and developed. The picking robot consisted of
a truss mechanism, an image acquisition device, a mushroom collection device, and a picking actuator. The profile picking
actuator could realize the function of constant force clamping. An online size detection algorithm for Agaricus bisporus based
on deep image processing was proposed. The algorithm included removal of abnormal noise points, background segmentation,
coordinate conversion, and diameter detection. The precision picking system for Agaricus bisporus with coordinate
compensation function controlled by Industrial Personal Computer was designed, and the visual control interface was
developed based on Labview. Through the performance test, the reliability of machine vision recognition and the overall
operating stability of the picking platform were verified. The test results showed that in the process of machine vision
recognition, the recognition accuracy rate was higher than 92.50%, the missed detection rate was lower than 4.95%, the false
detection rate was lower than 2.15%, and the diameter measurement error was less than 4.50%. The image processing algorithm
had high recognition rate and small diameter measurement error, which could meet the requirements of picking operation. The
picking platform’s picking success rate was higher than 95.45%, the picking damage rate was lower than 3.57%, and the
picking output rate was higher than 87.09%. Compared with manual picking, the recognition accuracy rate of the picking
platform was increased by 6.70%, the picking output rate was increased by 1.51%. The overall performance of the picking

platform was stable and practical.
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1 Introduction

Agaricus bisporus is the most extensive artificial cultivation,
the highest yield, one of the largest consumption of edible fungi in
the world. It is rich in protein and easy to be absorbed by the body
of carbohydrates”. In recent years, with the gradual improvement
of people’s living standards and scientific dietary awareness, the
market development potential of Agaricus bisporus has been
continuously enhanced. And Agaricus bisporus large-scale factory
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production has become the inevitable trend in the future®. It is an
important way to reduce cost and increase income to ensure timely
harvesting of Agaricus bisporus, reduce harvesting cost and improve
harvesting efficiency®”. Currently, the primary method employed
for harvesting Agaricus bisporus mushrooms is through manual
picking, which is characterized by high labor intensity, time-
consuming processes, and substantial costs. Consequently, the
research and development of a specialized Agaricus bisporus picking
robot is of paramount importance as it aims to alleviate the workforce,
enhance labor productivity, and diminish production expenses®.
Machine vision is the key link in the process of picking robot.
In recent years, with the development of machine vision technology,
researchers have done a lot of research work in the detection of
Agaricus bisporus. The algorithm developed by Tillett et al.'”
realized the location and size detection of Agaricus bisporus in the
mushroom bed, but the success rate of the algorithm was low. Yu et
al.l"" used the sequential scanning algorithm based region labeling
technology of Agaricus bisporus image to realize the recognition of
each Agaricus bisporus central region in the image. Yang et al.l"’!
proposed a background filtering algorithm with Harris corner as
texture features. The watershed algorithm based on markings was
used to achieve the segmentation of Agaricus bisporus, and ellipse
fitting was used to achieve the positioning of the boundary and
central coordinates of Agaricus bisporus. Wang et al.l'“"*! obtained
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the diameter of bisporus mushroom by using the minimum external
rectangle method after removing image shadow and interference
from the stalk of Agaricus bisporus through the two-watershed
algorithm. Wang et al."” used the background segmentation method
based on depth image to segment the adhered mushrooms, and
measured the position, diameter and inclination angle of the
mushrooms in the world coordinate system. For the combination of
machine vision technology for Agaricus bisporus picking robot
development, related personnel have also made a preliminary
attempt. The picking robot developed by Hu et al.'™"! adopts the
mode of mutual cooperation between visual area, picking area and
auxiliary area. The vision and picking work in parallel, and the
working principle of “three steps” was adopted to complete the
picking task of Agaricus bisporus. The picking platform designed
by Reed et al.” utilized machine vision and image analysis
algorithm to realize automatic positioning, selection, picking,
pruning, transportation and transfer of Agaricus bisporus. The
existing end effector of the Agaricus bisporus picking robot mainly
adopts the air suction type, which is difficult to achieve precise
control and easily damages the mushrooms.

The factory production of Agaricus bisporus is in urgent need
of automatic picking robot. In order to solve this problem, based on
machine vision technology, design and develop picking actuators,
was proposed based on the tidal “water law” of the principle of
matrix background segmentation method, realized the Agaricus
bisporus diameter precision of in situ test, design a constant force
clamping the copying of picking actuators, and develop the truss
type automatic picking robots, achieve high efficiency and low loss
picking of Agaricus bisporus and collection.

2 Hardware design

2.1 Picking platform structure

The Agaricus bisporus picking platform is mainly composed of
climbing device, picking robot and control system. The overall
structure is shown in Figure 1. The climbing device equipped with a
picker is placed at the mushroom outlet of the mushroom rack,
allowing it to be raised and lowered to the mushroom beds on each
level for work and easy to collect twin mushroom. U-shaped rails
are arranged on the Mushroom rack. The picking robot travels on
the track and carries out picking operations after arriving at the
picking area. The control system’s hardware is housed within a
distribution box, which is mounted onto the picking robot’s truss
framework. The main structure of the picking platform is
constructed with aluminum profiles to achieve convenient assembly
and lightweight design.

1. Picking robot 2. U-shaped rail 3. Mushroom rack 4. Mushroom bed
5. Climbing gear

Figure 1  Structure diagram picking platform

2.2 Climbing device

The climbing device consists of supporting frame, climbing
platform and lead screw, etc. The main function of the device is to
transport the picking robot to different layers of mushroom racks to
complete the picking task, and to transport the fully loaded picking
robot to the designated position to replace the Agaricus bisporus
collecting frame. The leading screw is connected with the climbing
platform, and the stepping motor drives the leading screw to move,
so that the climbing platform carries the picking robot to move up
and down. After reaching the set height, the picking robot moves
forward and enters the corresponding mushroom shelf layer to
complete the picking task. The climbing platform is equipped with a
U-shaped track, which is docked with the U-shaped track on the
mushroom rack to facilitate the smooth transition of the picking
robot from the climbing mechanism to the mushroom rack.
2.3 Picking robot

The picking robot has a rectangular structure, with a long side
of 1.4 m and a wide side of 1.1 m. The picking robot is composed of
truss walking mechanism, image collecting device, mushroom
collecting device and picking actuator. Its structure is shown in
Figure 2.

1. Controller cabinet 2. Slide guide 3. Depth camera 4. Cross beam 5. Track
wheel 6. Synchronous belt pulley 7. Synchronous belt 8. Collection box
replacement mechanism 9. Agaricus bisporus collection box 10. Copying claw
11. Picking actuator 12. Rotating mechanism 13. Lead screw 14. Mechanical arm
15. Slider 16. Stepper motor

Figure 2  Structure diagram of picking robot

The truss type walking mechanism can realize X, ¥ and Z three-
axis traveling in the truss, and complete the positioning operation of
Agaricus bisporus in the truss area. The sliding guide rail is
installed on both sides of the wide side of the picking robot to guide
the beam to move along the Y-axis in the truss area. The mechanical
arm is installed vertically above the beam, and is connected with the
sliding guide rail to realize the X-axis movement of the mechanical
arm in the truss area. X and Y axis are driven by stepper motor to
drive the synchronous pulley, which drives the slider to move. The
mechanical arm comprises a lead screw, a slider, and a stationary
fixture. The lead screw and a slider cooperate to drive the picking
actuator connected with the slider to move up and down, so as to
realize the Z-axis travel of the picking actuator. During the picking
operation, the picking area surrounded by the truss is detected and
picked row by row along the X and Y axes.

The hardware of image acquisition device is mainly Inter
Realsense SR300 depth camera (Intel Corporation, California,
America) and connectors. The SR300 depth camera integrates depth
information sensor and visible light sensor, which can
simultaneously capture RGB image and depth image of the object.
The maximum imaging resolution is 1920x1080, and the imaging
distance is 0.11-10.00 m. The camera is a structured light depth
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camera, which is not affected by illumination and object texture. It
can meet the requirements of image acquisition in weak light
environment of Agaricus bisporus room.

The mushroom collection device comprises Agaricus bisporus
collection box and an open-close collection box replacement
mechanism. The mushroom collecting device is installed on the
truss of picking robot, which moves with the picking robot to
facilitate the integration of harvesting and improve harvesting
efficiency. After the picking actuator picks up the Agaricus
bisporus and rises, the controller sends instructions to control the
picking actuator to move to the top of the Agaricus bisporus
collection box, place the collected Agaricus bisporus in turn,
complete the collection work of Agaricus bisporus, and the picking
actuator returns to the previous image detection position to continue
working. After the mushroom collection box is filled, the picking
robot returns to the designated position, the open-close collection
box changes the mechanism to work, the controller controls the
movement of the electric cylinder, the mushroom collection box is
separated from the picking robot, after the replacement of the new
collection box, the picking robot returns to the last picking position
to continue to work.

2.4 Picking actuator

The stalk of the mushroom grows on the fungous materials,
pulling out will take up a large number of fungous materials
directly. It will not only increase the cleaning work, but also affect
the normal growth of surrounding mushrooms. By driving the
picking actuator to rotate at a certain angle through the steering
gear, the mushroom body and the fungous materials can be
separated quickly, which can effectively avoid the above situation
and improve the picking efficiency.

The structure of picking actuator is shown in Figure 3. The
clamping mechanism of the picking actuator is designed utilizing a
parallel four-bar linkage structure, encompassed within a
parallelogram configuration, featuring a maximum opening width of
70 mm. To ensure precise grasping of the mushroom cap without
causing damage, a minimum clearance of 2 mm must be maintained
between the actuator and the edge of the cap prior to initiating the
picking action. Consequently, the maximum feasible diameter for
mushroom caps that can be harvested using this mechanism is
66 mm. This structural feature ensures the consistency of the
posture of the profiling jaws in space, that is, they are always
vertically downward, and the two jaws keep parallel during the
movement process, so that the clamping force of Agaricus bisporus
is balanced. The gripper adopts cambered copying structure to
increase the contact area and reduce the contact stress. The
clamping surfaces are lined with TEP, a flexible material widely
used in the medical devices and sports equipment industries. Known
for its outstanding elasticity, wear resistance, flexibility, and skin-
friendliness, this material readily conforms to the shape of Agaricus
bisporus, providing a gentle yet firm grip that effectively mitigates
mechanical damage caused by compression during the picking
process. Adopting deceleration motor as power output to reduce
speed and increase output torque. The dynamic torque sensor is
used to collect the load torque of the motor, which is convenient to
realize the constant force and low loss picking of the picking actuator.

First, after the picking actuator receives the picking instruction,
the output power of the deceleration motor is controlled, and the
power is transmitted to the clamping mechanism through the torque
sensor. After the clamping mechanism closes at low speed, Torque
sensor receives torque increase signal, and the output torque of the
motor is increased. Until the clamping mechanism reaches the
appropriate grasping force, keep the grasping force constant and

rotate 45° to separate the mushroom from the base material, and
realize constant force picking the mushroom.

1. Steering gear 2. Rotating mechanism 3. Gripper mechanism 4. Gripper
5. Flexible material 6. Torque sensor 7. Reducer motor 8. Gear mechanism
9. Connection housing

Figure 3  Structure diagram of picking actuator

2.5 Control system hardware

The hardware of the control system includes the bottom
controller, Industrial Personal Computer (IPC) and the upper
computer.

The bottom controller uses STM32 single chip microcomputer
to realize the driving control of picking robot, including traveling on
the U-shaped track of the mushroom rack, traveling in the X, Y, and
Z axes of the truss, and the constant force clamping of the picking
actuator. The MCU adopts ARM Cortex-M3 kernel 32-bit
embedded processor with USART/SPI communication protocol
interface.

The IPC adopts Intel quad-core and four-thread J1900
processor, 4G operating memory, and four USB ports. It receives
and processes depth image data information through the USB
interface during work, and then communicates with the underlying
controller of the picking robot through the USB to TTL serial port
module to complete the detection process line by line. In addition to
the above functions, IPC is also responsible for receiving and
processing the information of the upper computer.

The upper computer communicates with the IPC through the
wireless local area network to realize the remote monitoring and
control of the picking robot.

2.6 Working principle

The working principle is shown in Figure 4. The image
acquisition device collects the image information to the IPC. The
IPC analyzes and processes the image information, then sends
instructions to the bottom controller of the picking robot combined
with the set parameters. The bottom controller of the picking robot
sends instructions to the truss walking mechanism, picking actuator
and mushroom collecting device to complete the picking and
collection box mushrooms. The image acquisition device is
mounted on the truss type walking mechanism, and the two need to
cooperate to complete the image acquisition.

Visual control

software
Truss type walking
1 mechanism
. Picki
Image Industrial ;((;blontg
acquisition|—p| Personal —p| bottom Picking actuator
device Computer
controller
Mushroom collecting
device

Figure 4 Working principle diagram of picking platform
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3 Picture processing

According to the industry standard of Agaricus bisporus™", the
diameter of the cap of Agaricus bisporus is chosen as the
characteristic parameter for determining suitability for harvest. This
study primarily focuses on intermediate-grade and higher-quality
specimens; hence, Agaricus bisporus with diameters exceeding 25
mm should be selectively picked. Therefore, the image processing
of Agaricus bisporus was required to locate the position coordinates
and detect the diameter of Agaricus bisporus.

The image processing flow is shown in Figure 5. First, the
depth image was preprocessed to remove the abnormal noise points
in the image, and the matrix background was segmented to extract
the mushroom cap binary image. Then, the relative world
coordinates were obtained through coordinate transformation, and
the location coordinates of the mushroom target were obtained.
Finally, the diameter of the mushroom target was obtained through
circle detection.

Depth cameras
Capture images

! |

Coordinate
transformation

I |

Background Hough transform
segmentation Circle detection

. .

Morphological
processing

—»  Border detection

Image preprocessing

Measurement of
mushroom cover
diameter

Figure 5 Flow chart of image processing algorithm

3.1 Depth image preprocessing

There are some noise points with abnormal depth values in the
images collected by the depth camera, which will have a direct
impact on the subsequent image processing. In computer vision
processing, it is common to achieve the purpose of eliminating
noise points through morphological processing, but when binarizing
the image, the setting of the threshold is a key problem, once the
threshold is fixed, the robustness of the algorithm will be greatly
reduced. The quartile method has good robustness to outliers, and it
sets the threshold based on the quartile range of the data, which can
effectively avoid the interference of noise points on the threshold
calculation. Therefore, the main purpose of preprocessing is to
eliminate these noise points. The lower quartile value Q; and the
upper quartile value Q; with non-zero depth value in the depth
image were counted, and the quartile distance IQR was calculated.

IQR=Q,-0, (1)

The depth value within the interval [Q—IQR, O;+IQR] is
reserved to realize the removal of abnormal noise points. After
removing abnormal noise points, the depth value of the depth image
can represent the distance between the target object and the camera®.
3.2 Background segmentation

The method in this study is inspired by the natural phenomenon
of the gradual ebb tide of the seawater, in the process of the tide
gradually receding, the island is gradually revealed, the area
gradually increases, when the island area is no longer increased, the
whole picture of the island is obtained, and the target position is
determined by scanning the depth value distribution of each planing
surface under the resolution layer by layer, so as to realize a gradual

refinement of the segmentation process, which can more accurately
determine the location of the target and improve the accuracy of
segmentation. It’s more appropriate to think of it as a way of
sampling or slicing. The segmentation method of sampling or
slicing has strong robustness, and can effectively cope with changes
and interferences in different scenes when processing complex
images, with high accuracy and robustness.

The structural light from the depth camera does not reach the
bottom of the mushroom cap, resulting in cylindrical shaded areas.
In image processing, the background material in the depth image is
regarded as the sea bottom, and the mushroom is regarded as the
towering island. In the process of low tide, the sea bottom will
always be submerged, and the towering islands will slowly emerge.

In the preprocessed depth image, the depth value of mushroom
cap is small, while the depth value of base material is large. During
background segmentation, the sea water starts from the minimum
depth value of the image (seawater submerged isolated island) and
gradually decreases to the maximum depth value (sea bottom). It is
detected from the top of mushroom to the base material layer by
layer. In the first layer 77, set the pixel 4, with the minimum depth
value as 0, and the other pixel points as 1 to generate a binary
image. In the second layer 7, the minimum depth value is increased
by the set threshold A4, and the pixels less than or equal to the
depth value are set to 0, and other pixels are set to 1 to generate
binary image. The third layer Tj, increases the minimum depth
value by 2AA4, and sets the pixel point less than or equal to the depth
value as 0, and the other pixel points as 1 to generate 4 binary
image. Continue to the next layer of detection, when the detection
reaches the upper layer of the image depth value, the detection ends.
The background segmentation process is detected layer by layer, as
shown in Figure 6.

A el (A,0)€e0
[A,,A+AA] € 1,(A,+AA,0) €0

2
[A,A+2AA] € 1,(A,+2AA,00) €0 @)

The closed area is filled for the detected binary image of each
layer to get the fill figure. The island figure is obtained by
subtracting the fill figure from the detected binary image. As the
tide falls, a series of island maps will be generated, and the area
(number of pixel points) of each island in the map will be analyzed
to find the target of mushroom. The target of was the highest in
height. Under the action of the cylindrical shadow formed by the
cover of Agaricus bisporus, the area of the island formed by the
target of Agaricus bisporus hardly changed in a certain water level
interval. This section is the distance between the maximum
diameter of the cap of Agaricus bisporus and the substrate.
According to this characteristic, Agaricus bisporus target and
fungous materials were separated.

Last but not least, the data source in this paper is the depth
image, and the presence of stains may affect and interfere with the
first layer of the determination of the minimum depth value in
section 3.2, and even when the thickness of the stain exceeds the R
value in Equation (3), it will interfere with more layers, but these
layers are only process values, and the influence and interference do
not affect the layer when the position of the twin mushroom is
finally determined by this method, and the area in a certain water
level interval is almost unchanged when the method determines the
position of the twin mushroom according to the method, so the
influence of the initial layers due to the thickness of the stain on the
positioning effect of the algorithm is effectively avoided.
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a. First layer b. Intermediate layer |

d. Last layer

c. Intermediate layer 11

Figure 6 Background segmentation process of layer by layer detection
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where, 4; is the number of pixel points in a Agaricus bisporus
region (including the Agaricus bisporus adhesion region) at layer j;
k represents reasonable segmentation depth between mushroom cap
and base material; R represents The rate of change of the number of
pixels; 4;+k is the number of pixels in the Agaricus bisporus region
(including adhesion region) at layer j+k.

k value is related to the height of mushroom itself and should
be less than the minimum distance between the maximum diameter
of mushroom cap and the base material. According to the test
statistics, when the diameter of mushroom was between 15 mm and
65 mm, the distance between the maximum diameter of the
mushroom lid and the base material was 8-13 mm. Considering the
influence of the surface smoothness of the base material on the
detection of mushroom, £ value was set as 5 mm. In the detection
process, since the influence of noise is not removed from the image,
R value was 0.2. Under normal conditions, the diameter of
mushroom is less than 25 mm without picking. When the diameter
of mushroom is 25 mm, the number of pixel points in the depth
image is about 4500. If N is 4300, the number of pixel points
attached to mushroom will be much greater than 4300. So it can be
detected normally. In the layer-by-layer detection, the targets
judged to be mushroom are saved, and the binary image containing
mushroom target is obtained after the detection.

3.3 Diameter measuring

Following background segmentation, a binary image featuring
the targeted mushrooms was attained. Subsequently, morphological
operations, including erosion, dilation, and opening, were applied to
contract the mushroom cap boundaries and mitigate noise
interference. The improved Canny operator with high signal-to-
noise ratio and high accuracy was used to detect the edge of
mushroom lid, and the outline of mushroom lid of mushroom was
obtained™. The diameter measurement process of mushroom is
shown in Figure 7. In order to accurately measure the diameter of
mushroom, the coordinates of the depth image of mushroom were
changed into world coordinates through coordinate conversion. As
Hough transform is only applicable to data in image format, it is
necessary to translate the coordinates of Agaricus bisporus to the
first quadrant of coordinates. Then according to certain
discretization precision and form a discrete point of binary image.
Project the three-dimensional coordinates of the edge points of the
mushroom lid onto the X-Y plane and mesh them according to the
accuracy in millimeter. The length of 1 unit coordinate in the image
is 1 mm. At last, Hough Transform was used to detect the contours
of mushroom lid and calculate the true diameter of mushroom.

3.4 Coordinate transformation
In order to calculate the diameter of mushroom, the depth

image coordinates”*! are needed to be converted. There are four
common coordinates in the field of computer vision: pixel
coordinate system, image coordinate system, camera coordinate
system, and world coordinate system, which are respectively
represented as O-uv, O-X;Y,, O.-X.Y.Z,, O,-X,Y,Z,. The coordinate
transformation relationship between the world coordinate system
and the depth image coordinate system is as follows:

X,
u fo0 w0 g 7 v

Zlvl=10 % w 0 { 0 } zw (4)
! 0 0 1 0 !

where, Z. represents depth value of depth image; u# and v
respectively represent the X-axis and Y-axis coordinates of the depth
image at any point in the image coordinate system; u, and v,
respectively represent the X-axis and Y-axis center coordinates of
the image; f; and f, respectively represent the focal length of the
camera on the X and Y axis; R, T respectively represent camera
external parameters are rotation matrix and translation vector; X,
Y,, and Z,, respectively represent the three-dimensional coordinates
of any point in the world coordinate system.

b. Edge detection

300
s0f .
000 O
150 oy
100 OO

0 L hS. '

0 50 100 150 200 250 300

c. Coordinate transformation

d. Diameter measurement

Figure 7 Diameter measurement process of Agaricus bisporus

In the coordinate transformation process, in order to simplify
calculation, the origin of the world coordinate system and the
camera coordinate system were set to coincide, so the depth value
of the target object in the two coordinate systems is equal, that is,
Z,=7,, then the external parameter matrix of the camera [R T]=[1 0].
In the world coordinate system and camera coordinate system,
points at the same position have the following conversion formula:

u—uy

X, = Z
S
V=1,
Y, = Z (%)
I3
Z,=7

W 4



72 August, 2024 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 17 No. 4

After coordinate transformation, the depth value Z, in the depth
image is known. The position of each pixel in the pixel coordinate
system of the depth image in the world coordinate system can be
obtained through Equation (5).

3.5 Circle detection

In this study, Hough transform was used to detect the
mushroom cover contour. The projection of the mushroom lid
contour on the X-Y plane is regarded as a circle in the plane with
(a, b) as the center of the circle and r as the radius. The point (x, y)
on the mushroom lid satisfies the equation:

(x—ay +(@y-by=r (6)

A point (x;, y;) on the plane corresponds to a cone in the
parameter space formed by (4, B, R).The cone formed by all the
points on the circle intersects at one point, and the coordinates of
this point in the parameter space are (a, b, r), that is, the parameters
of the detected circle are obtained”**”. Grid the (4, B, R) parameter
space, and when the cone formed by each point on the detected
circle has intersection points, the intersection points fall into the
same grid. After defining the grid precision, the real diameter of the
detected circle can be obtained.

4 Control system

4.1 Picking platform control principle

The control system is shown in Figure 8. Power on the system
to initialize, eliminate emergency stop alarm information, clear
variable parameters. Since the maturation of mushroom was mainly
determined by its diameter, the threshold value of diameter size was
taken as the maturation index of mushroom.

Conducting system self-test
and resetting mechanism.

e

o

Image acquisition and preprocessing Move
to next
L area.
T 7'y
Are there any mushrooms? No

Calculating coordinates

v

Pick mushrooms,
place in collection box.

.

Reached the end of the
mushroom shelf?

iYes

End

Figure 8 Control schematic diagram of picking platform

When the picking platform is activated, the climbing device
runs to the mushroom rack layer and the IPC sends instructions to

the bottom controller of the picking robot. The picking robot moves
to the picking area, and the truss type walking mechanism is reset
and runs, moving in the X and Y axes. The truss type walking
mechanism runs, while the depth camera also works. The IPC
recognizes and processes the image information from the depth
camera. After the mushroom is detected to be ready for picking, the
mechanical arm compensates for the position so that the clamping
claw is directly above the mature mushroom. The bottom controller
of the picking robot communicates with the picking actuator to
control the picking actuator to move to the specified coordinate
point to complete the picking operation. Then the truss walking
mechanism drives the image collecting device and the picking
actuator to return to the break point position, and continues to detect
and pick until the harvesting of mature mushrooms in the picking
area is completed. The picking robot moves to the next picking area.
After this layer of mushroom is harvested, the picking robot returns
to the climbing device. And the climbing device will transport the
picking robot to the next layer of mushroom bed until all the
picking work is completed. During the picking period, if the
collection frame is full, the picking robot will return to the climbing
device. When the replacement is completed, the picking robot will
return to the breakpoint and continue to work. In the process of
picking, the IPC communicates wirelessly with the visual control
interface to realize the setting parameter reading system and real-
time monitoring of the picking state. The climbing device is set as
automatic control. After starting, it will run automatically according
to the set program.

4.2 Control principle of picking actuator

After the picking actuator receives the picking instruction, it
begins to perform the picking work. In the closing stage of
Clamping mechanism, the motor load decreases, the torque sensor
acquired the torque decrease signal, and the control system controls
the low voltage work of the motor. The motor moves at low speed,
the clamping mechanism closes at low speed, and the impact load is
small when contacting with Agaricus bisporus, so as to avoid
Agaricus bisporus injury.

In the holding stage of clamping mechanism, the motor load
increases, the torque sensor acquired the torque increase signal, the
motor is in a stalling state. Control system controls the motor
voltage increases and the output torque increases. Until the output
torque reaches the appropriate torque range (The clamping force did
not damage the Agaricus bisporus and could effectively complete
the picking work). The control system continues to adjust the motor
voltage to keep the output torque stable. The input and output
linguistic variables of the fuzzy PID controller are within the range
{~6, 6}. They are divided into the following fuzzy subsets: {NB,
NS, Z0, PS, PB}. Each variable utilizes a triangular membership
function. The control rules for this fuzzy PID controller are depicted
in Figure 9. At the last stage of the picking process, the control
system controls the reverse output of the motor power, and the
clamping mechanism loosens its grip on the Agaricus bisporus. The
control principle of clamping stage is shown in Figure 10.

4.3 Picking position compensation

Because the clamping claw and the image acquisition device
are not in the same coordinate position, and an image may collect
more than one target of mushroom to be collected. When picking, it
is necessary to compensate the coordinate position so that the claw
is directly above the cover of the mature Agaricus bisporus. The
system can calculate the compensation coordinates in the world
coordinate system according to the arrangement of picking actuator:
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Note: Kp is the proportional gain; Ki is the integral gain; Kd is the derivative gain.

Figure 9  Fuzzy PID control rules
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Note: e is the deviation; ec is the variation of deviation.
Figure 10  Control schematic diagram of the picking actuator in
the clamping phase

Xeo =X+ X, — X,

{ (7
Y= Yo+Y,-Y,

where, X)), Y, respectively represent pick the X axis and Y axis
coordinates of the actuator in the world coordinate system of the
initial point; X,,, Y, respectively represent pick the coordinates of
the movement of the actuator in the X and Y axes; X,, Y,
respectively represent the X-axis and Y-axis coordinates of the
Agaricus bisporus mushroom to be picked in the world coordinate
system; X,,, Y., respectively represent the position coordinates of
the center point of the gripper reaching the mushroom to be picked
along the X axis and Y axis direction; Compensating coordinates can
be converted to obtain the position compensation distance:

Ly =Xu
{ )

Ly=Yu

where, Ly, Ly respectively represent the movement distance of the
slider in the direction of X axis and Y axis, mm; u represents the
length of the unit coordinate in the world coordinate system, mm.

According to the calculated compensation distance between the
clamping jaw and the center point of the Agaricus bisporus to be
picked at X axis and Y axis, the pulse number of the stepper motor
can be obtained™":

180LD
P= 9
nr,0 ©)
where, P represents the pulse number type; 7, represents

synchronous pulley radius, mm; D represents the fine fraction; 6
represents step angle, (°).
4.4 Control software

In order to realize the remote monitoring and control of
Agaricus bisporus picking robot, a visual control software for
Agaricus bisporus picking control and monitoring was designed and
developed. The visual control software communicates with the
picking platform through the wireless local area network to realize
remote computer monitoring and control. Visualization software
was designed and developed based on LabVIEW platform. The
upper computer received the image detection results and picking
information sent by the IPC. After decoding, the received data was
displayed in real time on the interface of the visual control software.
The visual control software is shown in Figure 11. Its functions
include arbitrary selection of thresholds of diameter and size

suitable for picking Agaricus bisporus to meet different picking
needs, real-time display of processed image morphology, recording
the picking quantity of Agaricus bisporus, and monitoring the
working condition of picking robot.

B oozttt a x
Fie Edt View Projecr Operate Tools Window Eielp =
EX X ? [

Visual control software

System Parameters [ Detection results

w port

192.168.1023 1306 Testing information

Connect  Disconnect Quantiy pickea|[e || +

7 |

sl BB, . Work hours 38 1] min |
soc e || %

Operating Parameters

Diameter

35mm- Soman s |

Frame Robot position
1 e
ez wnzn | | i |
oms sa |
Figure 11  Uer interface of control software

5 Test and result analysis

5.1 Test conditions and materials

In order to verify the image recognition function of picking
robot, and the reliability and practicability of picking. The picking
experiment of Agaricus bisporus was carried out in the Agaricus
bisporus production laboratory of College of Agricultural
Equipment Engineering, Henan University of Science and
Technology in November 2020. The single-layer experimental
mushroom stand was 4. 5 m in length and 1. 4 m in width, and had
three layers. Test material selection of Henan University of Science
and Technology of agricultural equipment engineering college the
Agaricus bisporus production independent laboratory cultures of
Agaricus bisporus. In order to prevent the growth of a large number
of deformed mushrooms and inferior mushrooms, and ensure the
quality of the finished products of Agaricus bisporus. After the
fruiting body of Agaricus bisporus grows out, the clumped
mushrooms are treated with bacteria-repellent treatment, and the
severely adhered mushrooms are removed, so that the high-quality
Agaricus bisporus with loose growth on the mushroom bed is
finally obtained.
5.2 Test Indexes

Taking the accuracy of Agaricus bisporus recognition as an
index to investigate the accuracy of image recognition of picking
robot, and the recognition accuracy rde of Agaricus bisporus was
defined as:

ree = 2% 100% (10)
n

where, n; represents meet the picking requirements and identify the
accurate number of Agaricus bisporus; n represents the total number
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of Agaricus bisporus in the picking area should meet the picking
requirements.

Taking the success rate of Agaricus bisporus picking as an
index to investigate the picking stability of Agaricus bisporus
picking robot, and the picking success rate r,, was defined as:

Fu = 2 % 100% (11)
n
where, n, represents the number of Agaricus bisporus picked
successfully (for the Agaricus bisporus identified accurately), that
is, the number of Agaricus bisporus put into the picking collection
box after picking.

Taking the broken rate of Agaricus bisporus picking as an
index to investigate the picking reliability of Agaricus bisporus
picking robot, the broken rate ry, of Agaricus bisporus picking was
defined as:

Fa = 2% 100% (12)
n,
where, n; represents The number of collected Agaricus bisporus
with visible damage to the naked eye.
The robot picking yield rou of Agaricus bisporus is,

rou:rdersu(l_rda) (13)

The main factors affecting the accuracy of machine vision
recognition are: and unqualified diameter
measurement. The omission rate 7,4, error rate ¢ and the maximum

omission, error

error r,,,. of diameter measurement are respectively defined as:

= P 100%
n

T = 02 % 100% (14)
n

Foo = Mo =dul 1009
d,

where, n;; represents the number of Agaricus bisporus that meet the
picking requirements but miss detection; n,, represents the number
of Agaricus bisporus that meet the picking requirements but are
wrongly detected; d,, represents machine vision measurement of
Agaricus bisporus diameter; d, represents actual measurement of
Agaricus bisporus diameter.

5.3 Test method and process

On the bed of mushrooms, four different picking areas were
selected for picking platform picking test. Each picking area was
1.5 m long and the width was the width of mushroom rack, that is,
the width of picking robot operation. In order to verify the picking
performance of the picking platform, the scanning speed of the
picking robot was selected as 0.1 m/s. According to the preliminary
test results, the clamping force of the gripper was selected as 60 N.
According to the industry standard NY/T 1790-2009"", the picking
diameter of mushrooms was selected as >35 mm, and the allowable
error was 5% (within 2 mm).

The total number of Agaricus bisporus that met the picking
requirements in each picking area was recorded as n. The number of
Agaricus bisporus that met the picking requirements and was
successfully identified as n;. The number of Agaricus bisporus that
was successfully picked as n,. The number of Agaricus bisporus
that was picked with visible injuries as 73, and the time spent in
picking each picking area. After the experiment, the identification
accuracy rate ry., picking success rate ry,, picking damage rate rg,,
picking yield rate r,, and picking speed of Agaricus bisporus were
calculated respectively. The average value of the test results was
taken. In addition, 4 picking areas of the same size were selected for

manual picking. The calculation method of experimental indicators
of manual picking was the same as that of the picking platform. The
corresponding data were recorded and calculated during the
experiment to compare and verify the practicability of the picking
platform. The test process is shown in Figure 12.

- T

Figure 12 Test process of picking platform

5.4 The results analysis

The picking results are listed in Table 1. On the basis of
Table 1, machine vision and performance parameters of picking
platform of mushrooms were further analyzed.

Table 1 Results of picking platform and manual picking

Total Number of Number of

Picking Serial . ful Damage  Picking
No, duantty  successes = successiu quantity N3 time/min
way ’ N identified N, picking N, 3
1 101 93 90 1 10.53
o 2 82 76 74 2 9.37
Picking -5 g5 88 84 3 10.82
platform
4 76 71 68 1 10.25
Avg 88.00 82.00 79.00 1.75 10.24
1 112 92 92 1 5.02
2 85 70 70 0 4.18
Manual 70 66 66 0 3.05
picking
4 94 82 82 0 4.50
Avg  90.25 77.50 77.50 0.25 4.19

There are differences in individual growth of Agaricus bisporus
and poor smoothness of matrix. When the image processing
algorithm is used for circle detection, the edge of Agaricus bisporus
cover may be irregular due to background segmentation error and
resulting in contour detection error. Therefore, it is necessary to test
the algorithm. Data analysis of image processing and detection
results is listed in Table 2. The picking identification accuracy of
the four groups of experimental picking platforms was all higher
than 92.50%, the average missed rate was 4.58%, the average
wrong detection rate was 1. 67.00%, the maximum diameter
measurement error 7,y was all lower than 4.50%, and the machine
measured diameters were all within the qualified range. The image
processing algorithm has high detection accuracy and small
diameter measurement error, which can meet the requirements of
picking operation.

Table 2 Detection result of Agaricus bisporus

Maximum error

Serial Recognition Miss Fallout in diameter
No. accuracy/% ratio/% ratio/% o
measurement/%
1 92. 08 4.95 1.98 3.99
2 92. 68 4. 88 1.22 2.92
3 94. 62 3.23 2.15 4.41
4 93.42 5.26 1.32 3.80
Avg 93.20 4.58 1.67 3.81

As listed in Table 3, the average picking success rate of the
picking platform was 96.34%, the picking breakage rate was 2.21%,
the average picking yield was 87.79%, and the average picking rate
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was 8.59 pieces/min. Compared to manual picking, although
picking platform is slower than manual picking, However, the
identification accuracy of Agaricus bisporus was increased by
6.70%, and the yield of picking was increased by 1.51%. If the

picking robot works continuously for 24 h, it can pick about 12 369
mushrooms, which is more than the daily output of a mushroom
rack. Thus, it meets the requirements for automated Agaricus
bisporus harvesting.

Table 3 Data analysis of picking platform picking and manual picking results

Picking platform

Manual picking

Serial No. Success rate/% Damage rate/% Productivity/% Picking rate/min”' Recognition accuracy/% Damage rate/% Productivity/% Picking rate/min™
1 96.77 1.11 88.12 9.59 82.14 1.09 81.24 22.31
2 97.37 2.70 87.81 8.75 82.35 0.00 82.35 20.33
3 95.45 3.57 87.09 8.60 94.29 0.00 94.29 22.95
4 95.77 1.47 88.15 7.41 87.23 0.00 87.23 20.89
Avg 96.34 2.21 87.79 8.59 86.50 0.27 86.28 21.62

The reason for the higher accuracy of the identification of
Agaricus bisporus on the picking platform is that there is a large
error in the estimation of the diameter of Agaricus bisporus in the
manual picking process, and there are more Agaricus bisporus with
unqualified diameters. While the diameter measurement error of the
machine recognition is small, and there are fewer missed and wrong
detection cases. Manual picking would not fail, and the success rate
was 100%. The picking failure of the picking platform was caused
by the interference of the picking robot, and it was difficult to pick
the Agaricus bisporus at the boundary of the u-shaped orbit
mounted on the mushroom rack. Damage to Agaricus bisporus
during manual harvesting predominantly arises from incorrect
handling practices; however, the incidence of picking-related
damage is notably low. When picking on the picking platform, the
adhesion between the mushrooms will cause damage to part of the
adhesive Agaricus bisporus. But the picking damage rate is low and
acceptable. The results show that the picking platform has good
accuracy, stability, reliability and practicability.

5.5 Discussion

1) In this study, the Agaricus bisporus picking actuator adopts
the claw type, while in some studies, the air suction type is used for
picking. In the actual process of picking, the air suction type
requires a large adsorption force, which is easy to cause damage to
Agaricus bisporus. In the growth process of Agaricus bisporus, the
base material needs to provide nutrients for the mushroom. So the
hypha at the connection between the stalk and the base material is
dense, and the direct suction will bring up a large amount of base
material, which is not conducive to the subsequent grading and
transportation operations, and also affects the continued growth of
the lower tide mushroom in this area.

2) During the picking process, it is difficult for the picking
robot to detect and pick the Agaricus bisporus at the edge of the
mushroom bed (both sides of the U-shaped track). The reason is that
there is interference between the picking actuator and the outer
frame of the truss of the picking robot, and the picking area is
limited. In future studies, its structure needs to be further optimized.
Finally, it needs to be fully combined with planting agronomy to
improve the applicability of the picking robot.

3) In practical production, instances may arise where
mushroom caps overlap or become distorted due to mutual pressure,
as when A partially obscures B. During the harvest of 4, B’s
influence can result in the misclassification of both caps as a single
entity, causing a deviation in the localization center or even
undetected mushrooms. Such scenarios pose a substantial challenge
to the algorithm’s robustness. In subsequent research, these factors
must be accounted for to refine the algorithm and augment its

detection capabilities in intricate environments.

4) To enhance efficiency and speed in the actual picking
operation, optimizations can be made at both software and hardware
levels. On the software front, simplifying fuzzy PID control rules
can be employed to reduce computational complexity, coupled with
predictive and adaptive control strategies to proactively adjust
picking actions, minimizing response lag. Preplanning the picking
path avoids time-consuming on-site path planning, further
economizing response times.

At the hardware level, upgrading to high-performance CPUs or
GPUs can boost image processing speeds, algorithm execution, and
instruction handling. Simultaneously, updating communication
protocols or utilizing high-speed transmission media like fiber
optics ensures real-time transmission of sensor data and commands,
mitigating delays.

6 Conclusions

1) A machine vision based Agaricus bisporus picking system
was designed, including climbing device, machine vision system,
picking mechanism and upper computer control software, which
realized the automatic identification, picking and collection of
Agaricus bisporus.

2) Combined with machine vision technology, an online
detection algorithm of Agaricus bisporus was proposed based on
depth image processing. The recognition accuracy of the algorithm
was higher than 92.50%, the missed detection rate was lower than
4.95%, the error detection rate was lower than 2.15%, and the
diameter measurement error was less than 4.5%.

3) Based on the dynamic torque sensor signal feedback to
control the motor output torque, the copying picking actuator is
designed to realize the constant force clamping of the picking
actuator. The picking success rate was 96.34%, the picking
breakage rate was 2.21%, and the average picking yield was 87.79%.

4) Compared with manual picking, the identification accuracy
of Agaricus bisporus was increased by 6.70%, and the yield of
picking was increased by 1.51%. The overall performance of the
designed picking platform is stable, which can meet the needs of
automatic harvesting of Agaricus bisporus in factory production.
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