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ABSTRACT Wood is one of the energy sources for sustainable development, which is closely related to our
life. In the wood production process, it will be sorted according to different diameter grade is an essential
link, at present the wood sorting work mainly rely on manual completion, not only low efficiency, high
cost, and cannot meet the automated era of production needs. In this paper, a wood diameter level automatic
sorting system is designed, first of all, using computer vision technology to measure the diameter of the wood
section in real time, then the diameter data is transmitted to the PLC control system, and finally the PLC
control system pushes out the wood in the specified position, realizing the automated on-line sorting of wood.
In addition, a wood diameter measurement method based on deep learning combined with binocular vision
is proposed, which can quickly and accurately recognize the diameter of each piece of wood, and provides
a solid foundation for the efficient performance of the automatic wood diameter grade sorting system. The
experimental results show that the measurement method proposed in this paper has high robustness and the
maximum error is within Smm, which meets the accuracy requirements needed for sorting, and the sorting
system can sort 10 pieces of wood per minute on average, which greatly improves the efficiency of wood
sorting and reduces the labor workload and cost, and the research design is of great significance to the wood
production and manufacturing industry.

INDEX TERMS YOLOVS5, wood sorting, PL.C control system, diameter measurement, machine vision.

I. INTRODUCTION

As one of the sustainable forestry resources, the value of
wood is not only reflected in people’s life and production, but
also closely related to the protection of the ecological envi-
ronment. With the dual-carbon issue, countries have begun
the strategic deployment of low-carbon emission reduction
[1], and the protection of forest resources, rational exploita-
tion and utilization is an important initiative to achieve a
virtuous carbon cycle. China’s forestry resources are rela-
tively scarce, and the per capita possession of wood reserves
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is only 12% of the global level [2], in order to reduce the phe-
nomenon of irrational exploitation and production of wood,
the Chinese government encourages the transition of forestry
production to information and intelligent direction. The wood
production process includes harvesting, transportation and
sorting, and sorting wood by different diameter grades not
only gives full play to the utilization value of wood, but also
reduces unnecessary waste. All along, China’s wood produc-
tion and processing enterprises rely on manual completion
of the wood diameter level of the sorting work, as shown in
Figure 1, the sorters use calipers or tape measure to measure
each piece of wood and mark the size of the diameter of the
section, measurement is completed and then sorted out the
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FIGURE 1. Manual sorting.

wood according to the different diameter level, the sorting
not only consumes a lot of manpower, high production costs,
but also low efficiency, long work cycle [3], unable to meet
the automation of the production requirements of the era.
Therefore, in order to change the way of wood sorting, it is of
high value and significance to research an automated wood
sorting system with high precision and speed.

Earlier, the use of light source sensors such as grating and
infrared to detect wood was proposed [4], [5], [6], but due to
the presence of irregular shapes of wood such as ellipse, semi-
ellipse and rectangle, the linear propagation characteristics of
light resulted in low accuracy of the measured wood diame-
ter. With the development of computer vision, digital image
processing, deep learning, industrial automation and other
intelligent manufacturing-related technologies, the industrial
automated sorting system based on visual inspection technol-
ogy has gradually been applied in various industries, but its
application in the field of forestry production and processing
has not yet been realized. At present, there have been a
number of studies related to the detection of wood section and
volume by vision technology, which are mainly categorized
into two directions: traditional digital image processing and
deep learning. Digital image processing is the conversion
of image signals into digital signals and then transforming,
coding, segmenting and classifying the images accord-
ing to the relevant theories of mathematical research [7].
Budiman et al. [8] fixed the Raspberry Pi equipped with a
USB camera on one end of the iron rod, to measure the
diameter of the wood, it is necessary to use the other end of the
iron rod to place on the wood section, the image is captured
by the camera, and the results are obtained by the operations
of grayscale transformation, threshold segmentation, contour
finding, and circle fitting, etc. The robustness of this detection
method is low, and it is easy to be interfered with by the
intensity of light, and it can’t be applied to the outdoor. Yella
and Dougherty [9] proposed a wood section segmentation
method combining geometric features in HSV color space,
and achieved counting and classification of whole truck wood
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by Circular Hough Transform (CHT) algorithm, which is less
interfered by light, but it is not good at detecting soil and
sewage-soaked wood sections. Yan et al. [10] used infrared
light as a light source and installed a filter in front of the
camera lens, so that only the wood section area exists on
the picture captured by the camera, and the diameter can
be calculated by ellipse fitting without the need of image
segmentation, which is a fast and accurate method, but is
only applicable to indoor environments. Chen et al. [11]
proposed a fast detection algorithm for wood diameter grade
based on binocular vision, which segmented the wood section
area from the picture by dynamic threshold segmentation
algorithm, and then used the least squares method to fit the
wood contour to get the diameter-related parameters, which
can measure the wood diameter grade at any distance, but
the segmentation of the wood contour area is not accurate.
In the literatures [12], [13], and [14], Kruglov proposed three
methods for wood testing: Firstly, the 3D modeling technol-
ogy was used to obtain the 3D information of wood piles
and combined with the mean clustering algorithm, Delaunay
triangulation algorithm and watershed algorithm to carry out
the wood volume measurement experiments, respectively,
and the final measurement results were compared with the
manual measurement results, with an average error of 9.2%.
Secondly, an improved radially symmetric target detection
algorithm is obtained by the combination of the Stoer-Wagner
algorithm and the watershed algorithm, which can be adjusted
to the contour of the detected wood section and accurately
segment the target region. Thirdly, a circular target automatic
detection method is proposed, but the method is not effective
due to the irregularity of the shape of the wood section.
Deep learning is a multilevel network algorithm that mimics
the way information is transmitted between neurons in the
human brain, and has efficient image recognition, classifi-
cation, and segmentation capabilities, and its application to
wood detection and segmentation yields better results and
higher robustness than traditional digital image processing
techniques. Samdangdech and Phiphobmongkol [15] pro-
posed SSD model combined with full convolutional network
semantic segmentation model to segment the section contour
of the whole car wood, firstly, the SSD model is used to
detect the coordinates of the wood region in the image, and
then the wood region picture is obtained after cropping, and
then the wood region picture is inputted to the FCN model
to segment the section contour of each wood, and finally the
number of wood roots is obtained by counting the contours,
and the accuracy of this method is verified to be 94.45%,
but it is not effective for small diameter wood and obscured
wood. Finally, the number of roots is obtained by counting
the contours. The accuracy of this method is verified to be
94.45%, but it is ineffective in segmenting small-diameter
wood and obscured wood. Tang et al. [16] proposed a wood
detection method based on a single-shot multibox detector,
which is able to extract target features at different scales
by automatically learning the relevant features from the
labeled information of the wood section in the image, and
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the detection accuracy reaches 94.87%, which solves the
problem of wood detection in complex backgrounds. Yu et al.
[17] proposed the fusion of BiFPN and YOLOvVS5s for wood
section detection, adding a small target feature extraction
network layer, which improves the detection accuracy and
checking rate of the small targets in wood section, and can
quickly detect the wood section area. Lin et al. [18] used
YOLOV3-tiny to detect the wood section area to get the
corresponding coordinate information, and then used Hough
transform for circle detection to get the wood diameter.
Yang et al. [19] proposed a wood section detection method
based on Mask R-CNN, which is robust and capable of
accurately segmenting the wood section region in different
environments, with a true detection rate of 97.989% on its
self-defined dataset.

From the results of the above research, it can be seen that
the use of deep learning to detect wood is more reliable than
the traditional image processing methods, due to the strong
anti-interference ability, applicable to a variety of complex
environments, deep learning technology as the basis for the
design of a wood diameter level of the automatic sorting
system can meet the needs of the work of outdoor complex
environments. However, the existing wood detection methods
and deep learning networks are unable to simultaneously
meet the application requirements of wood diameter-level
sorting systems in terms of accuracy and speed. For example,
the wood contour detection method based on Hough’s circle
transform cannot accurately detect the non-circular wood;
the target detection model with simple network structure can
quickly identify the wood position coordinates, but cannot
further segment the wood contour; the instance segmentation
model can accurately segment the wood contour region, but
its network structure is complex, parameter count is large,
and reasoning is slow, which is not applicable to embedded
wood sorting systems with low arithmetic power. In addition,
the distance from the wood section to the camera lens during
the sorting process is not fixed, and in order to ensure the
accuracy of wood diameter measurement, it is necessary to
obtain the depth information of each wood in real time.
According to the above problems, this paper proposes a
wood diameter measurement method based on deep learning
combined with binocular vision, which improves the speed
and accuracy of wood diameter measurement, and designs a
wood diameter level automatic sorting system, which utilizes
the vision measurement system to obtain the wood diameter
data and transmits it to the PLC control system, realizing the
function of automatic sorting of wood diameter level, which
effectively solves the problems of low efficiency of manual
sorting, high cost, and inability to realize the digitalization of
the wood industry.

Il. SORTING SYSTEM OVERALL

The structure of the wood sorting system is shown in Figure 2,
which is mainly composed of a visual inspection system and a
PLC control system. First, the ZED binocular camera is used
to capture the picture of the wood section, then the picture is
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inputted to the Jetson nx platform for inference and calcula-
tion to get the diameter data, and finally the diameter data is
transmitted to the PLC. PLC is the core module for the motion
control of the sorting system, which can not only control
the motor to transfer the wood at different speeds, but also
control the action of the cylinder through the solenoid valve
to push out the wood at the specified position, so as to realize
the automatic sorting of wood. In the sorting process, the
photoelectric sensor is equivalent to the locator of the wood,
no matter the wood arrives at the visual detection position
or the sorting position, it is by triggering the photoelectric
sensor that the PLC sends out the visual detection signal and
the sorting signal.

A. SORTING SYSTEM HARDWARE DESIGN

1) WOOD TRANSFER MODULE

In the wood sorting work, first of all, the robotic arm grabs
the wood and puts it in the stacking area of the sorting sys-
tem, and then the transmission module transmits the piles of
wood to the visual detection position in sequence, in order to
ensure the stability and efficiency of the wood transmission,
this paper designs the wood transmission structure shown in
Fig. 3, which mainly consists of the stacking area, the wood
flattening device, the single separator device, and the feeding
device. Pushed by the first conveyor belt, the wood in the
stacking area moves forward, and the wood laying device can
rotate at a constant speed to lay the wood in order on the
storage rack, and when there is wood on the single divider,
the first conveyor belt stops, and when the feeding device
takes the wood away, the first conveyor belt continues to
run until the next wood reaches the single divider. With the
cooperation of the mechanical devices of the wood transfer
module, the wood can be stably transported to the visual
inspection position in sequence, realizing the basic work of
automated wood sorting.

2) VISUAL INSPECTION MODULE

Due to the complexity of the application environment of the
automatic sorting system of wood diameter grade, in order
to meet the performance requirements of wood inspection,
the visual inspection system shown in Figure 4 is designed.
It mainly consists of binocular camera and embedded image
processing platform. The binocular camera adopts Stereo-
Labs’ ZED 2i binocular camera, which can realize the work
of aberration correction and calibration through the SDK
(Software Development Kit) and API (Application Program-
ming Interface) provided by the official government, which
can eliminate the tedious steps brought by the traditional
calibration method, and can quickly carry out the calibra-
tion and aberration correction during the actual development
process, and it has the advantages of high efficiency and
high precision. In addition, the camera software carries a
stereo matching algorithm optimized in combination with a
deep learning algorithm, which can use the API to directly
obtain the depth information of each pixel point in the
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FIGURE 2. Sorting system architecture diagram.

image, and the error is controlled at the millimeter level,
which ensures the accuracy required for wood diameter mea-
surement. The embedded image processing platform uses
NVIDIA’s Jetson nx development board, a high-performance,
low-power Al edge computing platform with NVIDIA’s Volta
architecture GPUs and six-core Carmel ARM CPUs, which
integrates GPUs, CPUs, memory, storage, and a variety of
interfaces, greatly improving development efficiency. The
Jetson nx development board also has a well-established
software ecosystem that supports the SDK deployment con-
ditions for the ZED 2i binocular camera and depth acquisition
requirements in various modes. This paper utilizes the ZED
2i binocular camera and the Jetson nx development board
to build a wood diameter inspection system, which not only
realizes the requirements of high accuracy, high robustness
and high efficiency, but also has a simple structure and high
flexibility.

3) WOOD SORTING MODULE

The visually inspected wood will be transferred to the wood
sorting module, where the PLC controller needs to control
the cylinders to push out the different diameter grades of
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FIGURE 3. Structural diagram of the wood transfer module.

wood in a defined position. In order to realize the sorting
action, this paper designs the wood sorting module shown in
Fig. 5, which is mainly composed of cylinder, push arm and
conveyor belt, and the whole sorting line consists of six same
sorting modules. When the wood arrives at the specified sort-
ing module, the photoelectric sensor detects the presence of
wood on the sorting module, and the PLC controller controls
the cylinder through the solenoid valve to lift the push arm to
push out the wood and complete the wood sorting.
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B. SORTING SYSTEM SOFTWARE PROCESS DESIGN

The software flow of the wood diameter level automatic sort-
ing system is shown in Fig. 6, when the wood is transmitted
to the visual detection position, the photoelectric sensor is
triggered, and the visual detection photoelectric signal bit is
changed from O to 1, the ZED camera starts to capture a frame
of the wood section picture and saves it to a local folder, and
after that, the deep learning model splits out the contour of the
wood section in the picture, and then carries out ellipse fitting
to get the parameters related to the diameter of the wood,
and finally, combines with the depth information obtained
by the ZED camera, the calculation is done to get the wood
diameter data. Wood diameter data through Modbus TCP
communication to the PLC controller data storage queue,
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the data storage queue implementation of the principle of
first-in-first-out, when the wood arrives at the corresponding
sorting position, triggered by photoelectric sensors, the PLC
controller detects the sorting photoelectric signals, control
solenoid valve rotation, so that the cylinder action will be
pushed out of the wood, to complete the wood sorting.

Ill. WOOD DIAMETER MEASUREMENT BASED ON DEEP

LEARNING COMBINED WITH BINOCULAR VISION
Fast and accurate measurement of the diameter of wood

is the key technology of the automatic sorting system of
wood diameter level, according to the existing wood detection
methods exist in the low robustness, high accuracy and deep
learning model network complex and parametric number of
problems, an improved YOLOvS-seg model is proposed for
the segmentation of the contour region of the wood section.
The segmented wood section profile is ellipse-fitted and
then combined with the depth information obtained from
the binocular camera to calculate the diameter, which is not
only highly accurate and robust, but also can be deployed in
the low arithmetic power of the wood diameter level of the
automatic sorting system.

A. YOLOV5N-SEG ALGORITHM IMPROVEMENT AND
OPTIMIZATION

1) E-SN MODULE

The C3 module in the YOLOvSn-Seg network exists in the
feature extraction and feature fusion network, which mainly

VOLUME 12, 2024



J. Liu et al.: Automatic Sorting System for Wood Diameter Grades

IEEE Access

Open ZED
camera

OFF——»| PLC data storage

queue

«—OFF

Visual detection of
hotovoltaic potenti

ood sortin
photovoltaic
No.1to 6

NO

Capture a frame
of picture NO
Sorting
action

A
Inferential
computation

Diameter

A
Complete
data sortin

\
FIGURE 6. Sorting system software flowchart.

consists of CBS and different number of Bottlenecks con-
nected in a cross-layer manner.Although it improves the
feature representation capability, it also increases the compu-
tational complexity and memory occupation. The existence
of jump connections in the Bottleneck of the C3 module in
the feature extraction network enables internal transfer of
information across layers so that the higher layers can use
the lower layer information, thus mitigating the problem of
gradient vanishing and gradient explosion and enhancing the
flow of information in the network, at the same time this intro-
duces additional parameters due to the need for element level
summation operations, making the problem of parameter
redundancy more pronounced, and increasing the parameter
count of the model. In general, the C3 module has better
complex feature extraction capability with a large number of
parameters, while the wood section segmentation task has a
single objective and needs to be applied in low-calculation
sorting equipment, so designing a lightweight module to
replace the C3 module has become the preferred method of
improvement in this study.

ShuffleNetV2 [20] is a lightweight and efficient neural
network model whose base module consists of three main
components: channel separation (Channal Split), depth sepa-
rable convolution (DWConv) and channel shuffling (Channal
Shuffle). E-SN module consists of the basic module of
ShuffleNetV2 network fused with SE channel attention
mechanism, the network structure is shown in Figure 7, K1,
K2 are the number of channels of input and output feature
maps, respectively, and Channal Split operation is carried out
first to separate the feature maps in the channel dimension
to get the two groups of feature maps with the number of
channels of K1/2, so as to carry out the processing in different
ways, which not only helps to enhance the feature diversity
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and expressive ability, but also effectively reduces the amount
of computation of the model and the number of parameters.
One group first performs deep convolution and point-by-
point convolution operation, and then obtains the new feature
map after SE channel attention weight optimization, deep
convolution is a lightweight convolution operation, the main
role is to extract feature information in the spatial dimension,
a channel corresponds to a convolution kernel, which ensures
the independence of the channel, and point-by-point convo-
lution carries out feature fusion and information extraction in
the channel dimension, and connects each channel in series,
which ensures the richness of the output feature informa-
tion, and the two-step operation makes the depth-separable
convolution to get the same feature extraction effect as the
ordinary convolution at a small computational cost, which is
greatly reduced compared with the number of the ordinary
convolution parameter counts. The new feature map is super-
imposed and fused with another group to form a feature map
with the number of channels as K2, and then the channel
mixing is performed to rearrange the feature channels and
combine them according to a certain law in order to improve
the interactivity of the feature information, so as to enhance
the ability of the network to extract and transmit feature
information.

The structure of SE module is shown in Fig. 8, which
mainly contains two operations Squeeze and Excitation [21],
where Squeeze is used to solve the problem of exploiting
channel dependency by globally pooling the feature maps,
so that the spatial information of each channel is compressed
into the corresponding value, which is equivalent to a value
with a global sensory field of the corresponding channel,
whose expression is shown in Eq. (1). Excitation is used to
fuse the information between the channels, keep the channels
with large feature information and eliminate the channels
with small amount of information, the related operation is
completed by the two fully-connected layers, and the fea-
ture information is finally superimposed to get the required
feature information through the weight allocation, and its
expression is shown in Eq. (2).

1 H W
Z=FqU) = mZZU(i,j) )
i=1 j=1

S=FalZ, 0)=0@Z, 0)=0(o(@Z) (2

In formula (1), U (i, j) represents a single-channel feature map
of size i x j, and H and W are the height and width of the
feature map respectively. In formula (2), w; and w, represent
different weight values.

2) IMPROVEMENTS IN CONVOLUTIONAL LAYERS

In order to solve the problem that ordinary convolution gener-
ates a large number of redundant feature maps during feature
extraction, which leads to consuming more computational
memory and decreasing the inference speed, GhostConv,
a base module in the Ghost [17] network proposed by
Huawei’s team, is introduced instead of ordinary convolution.
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GhostConv can extract rich feature information in half of the
feature maps, the key lies in the Cheap operation [18], which
generates similar feature maps by linear transformation of
the feature maps, which not only ensures the richness of the
feature information but also greatly reduces the amount of
computation. GhostConv structure is shown in Figure 9, C1,
C?2 for the feature map input and output channel number, first
through the convolution kernel size K x K, the number of C2/2
ordinary convolution layer to get the number of channels for
the C2/2 feature map M, and then use Depthwise convolution
to generate M’s “phantom” feature map N, convolution ker-
nel size for the Depthwise convolution of 5 x 5 has a larger
sense of the field, so that the extracted features are more rich
in information, and finally will be the feature map M and N
for the output of Concat operation for the number of channels
for the C2 feature map.

3) IMPROVEMENT OF THE LOSS FUNCTION

The Bounding Box loss function in the YOLOv5n-Seg model
adopts the CIOU loss [19], which is composed of three parts:
Classification loss, Localization loss, and Confidence loss,
in which both Classification loss and Confidence loss are cal-
culated using the binary cross-entropy function for each label
loss, reducing the computational complexity. Confidence loss
are calculated using the binary cross-entropy function for
each label loss, which reduces the computational complexity,
the formula of CIOU loss is shown below:

p%(b, b3

CIOU = I0oU 5 av 3)

Cc

10340

A
o

In Eq. (3) b and b%' are the Euclidean distances between the
centers of the prediction frame and the real frame, respec-
tively, c is the diagonal distance between the prediction frame
and the smallest outer frame of the real frame, and the formu-

las for o and v are shown below:
v

0=—— 4)
(1-I0U)+v
4 w8l W,

v = ;(arctan o arctan Z) 5)

An excellent Bounding Box loss function must take into
account the overlap area, the distance from the center point
and the aspect ratio of the three parameters [20], CIOU loss
will take these three parameters into account, not only can
make the prediction box quickly close to the target box can
also make the prediction box of the aspect ratio of the box
quickly close to the target box, but when the prediction box
does not match the real box will lead to slower convergence
speed of the model and the accuracy decreases. In this regard,
SIOU loss [21] is adopted as the model improved Bounding
Box loss function, which introduces the vector angle param-
eter between the real box and the predicted box and redefines
the calculation method of the loss, which consists of four
parts in total: the vector angle loss between the real box
and the predicted box, the centroid distance loss, overlapping
area loss, and aspect ratio loss, of which Angle cost will
make the prediction frame first move quickly to the nearest
coordinate axis, and then along the coordinate axes X or Y
axis constantly close to the real frame, which reduces the
degrees of freedom and greatly improves the convergence
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speed and efficiency of the model, the Angle cost is defined
as shown in the following equation:

A=1-2x% sin(arcsin(c—h) - z)2 (6)
o 4

Eq. (6) where ¢, is the height difference between the cen-
ter point of the real frame and the predicted frame, o is
the distance between the real frame and the center point of
the predicted frame, arcsin(%) is the vector angle «, and the
expressions for ¢j, and o are shown in the following equation:

o = JBF —be 2+ (B — b, ™
cn = max(bf!, be,) — min(b;, bc,) ®)

In Egs. (7) and (8) (b‘g)’;, bfﬁ) are the coordinates of the center
point of the real frame and (b, , b, ) are the coordinates of the
center point of the predicted frame. The vector angular loss
is calculated as in Fig.10, when « is % or 0, the angular loss
is 0. During training when & < 7%, the convergence process
is minimized « and vice versa minimized S.

Based on the above definition of angular loss, SIOU loss
is redefined for the three types of losses: centroid distance,
overlap area, and aspect ratio, and the expressions are shown
below:

Center distance loss definition expression:

A=) (1-e7) ©)
t=x,y
be., gt — b,
- (w)z (10)
Cw
be,, gt — by
py= (== —)’ (11)
y=2—-A (12)

When « tends to 0, the percentage of center distance loss in
SIOU loss decreases dramatically, and when « tends to %,
the percentage of center distance loss in SIOU loss becomes
larger, but the larger the angle the more complicated the loss
calculation becomes, for which the parameter y, which is
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prioritized over the value of distance as the angle increases,
is added.
Aspect ratio loss definition expression:

Q= z (1—e (13)
t=w,h
[w —w|
v max(w, wst) (14)
|h — h#']
= (15)

Y= nax(h, ke

(w, h) and (W8, h8") in Eqs.(14) and (15) are the width and
height of the prediction and real frames, respectively, and
the 6 parameter acts on the attention of the aspect ratio loss,
which is set to 4 in this paper in order to avoid too much
attention to reduce the movement of the prediction frame.

In summary, the final defined expression for SIOU loss is
shown in equation (16):

Losssjoy =1 — 10U +

QL+ A
5 (16)
B. IMPROVED YOLOv5n-SEG NETWORK MODELING
The structure of the improved YOLOv5n-seg network is
shown in Fig. 6, except for the first convolutional layer in
the feature extraction network, the other ordinary convolu-
tional layers of the feature extraction network and feature
fusion network all use GhostConv convolution, which is
able to reduce the number of network parameters under
the circumstance of guaranteeing the extraction of rich fea-
tures. In addition, all the C3 modules in the model are
changed to E-SN modules, which further reduces the net-
work complexity and the number of parameters and improves
the model accuracy, and the SIOU loss is used as the
regression loss of the model, which increases the vector
angle penalty term compared to the CIOU loss, which
speeds up the model convergence and is conducive to the
improvement of segmentation accuracy in the homemade
dataset.
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FIGURE 10. Vector angle loss calculation diagram.

C. DEPTH INFORMATION ACQUISITION AND WOOD
DIAMETER CALCULATION
According to the actual engineering needs, this paper ranging
experiments selected 1080P distortion-free USB binocular
camera module, focal length of 6mm. The principle of binoc-
ular vision ranging is shown in Fig.12, assuming that W
is a point on the wood section, points Oy and Og are the
optical centers of the left and right camera lenses, respec-
tively, points Wy and Wg are the imaging points of W on
the left and right camera sensors, f is the focal length of the
left and right cameras, B is the center distance between the
left and right cameras, and D is the distance from W to
the camera.

Let the distance between points Wy and Wg be L, then:

L=B— (X, —Xp) (17)

It can be obtained from similar triangles:
L D-f

— 18
3 D (18)
Can be obtained from the above two equations:
B x
p=B*_ (19)
Xr —Xr

where B and f can be obtained by camera calibration, X7 —Xg
is the parallax of W points imaged in the left and right
cameras, and the parallax value can be obtained by calling
the BM algorithm or the SGBM algorithm in the Opencv
library [27] to get the distance from the point to the camera
on the wood section.

Due to the actual manual diameter level measurement, the
short diameter of the wood small head section is used as
the measurement position, and the wood is sorted according
to this measurement result. When the instance segmentation
model outputs the wood section Mask, this paper adopts the
least squares ellipse fitting algorithm to ellipse fit the contour
of the Mask, and the corresponding ellipse center coordinates
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(x,y), the long axis r, and the short axis r;, can be obtained,
and the rotation angle of the ellipse center 6.

Assuming that the coordinates of the two endpoints of the
short axis r, of the ellipse in the world coordinate system
are (x1, y1, 21), (x2, ¥2, 22), and that the points on the wood
section are approximated to be on the same level, z; = z,
the distance between the two endpoints can be found out
according to the Euclidean distance formula, which is the true
diameter of the wood section L:

L=\ -2+ i — )’ (20)
from the geometric relationship in binocular imaging:
X1 W X2 W
D f D f
i e _b @D
D f D f

(u1,v1) and (u3, v2) in Eq.(21) correspond to the pixel coor-
dinates of short axis rp, in the image according to the elliptic
law, respectively:
(u1,v1) = x4+ 0.5rpsin 0,y + 0.5r, cos 9) 22)
(u2,v2) = (x — 0.5r,sin 0, y — 0.5r, cos 0)

Combining Egs. (20), (21), and (22) yields a formula for
calculating the section diameter of wood:

L D\/(r,, sin )2 | (npcos 0)> 03

f f

IV. EXPERIMENTAL DESIGN AND ANALYSIS

A. CONSTRUCTION OF THE DATASET

The dataset used in this paper comes from a wood diame-
ter grade sorting yard of Fujian Jinlin Forestry Co. Firstly,
1280 x 720 resolution wood section pictures were collected
with binocular camera under different natural environments,
such as sunny, cloudy, and rainy days, and a total of 5,175
pictures were screened, and then a total of 5,775 pictures were
collected. Next, labelme is used to generate the corresponding
json file, and then a python script is used to convert the labeled
json file into the txt file required by the YOLOv5n-Seg model.
Finally, 5175 datasets are divided into training set (4140) and
validation set (1035) by 4:1, and the sample dataset is shown
in Fig. 13.

B. EXPERIMENTAL ENVIRONMENT AND PARAMETER
SETTING

The operating system for the experiments in this paper is
Windows 10, the processor is Intel Xeon W-2145, the graph-
ics card is RTX2080ti, and the deep learning framework is
pytorch1.12. The SGD optimizer is used for training and the
relevant parameters are set as shown in Table 1.

C. MODEL EVALUATION AND PERFORMANCE ANALYSIS

1) EVALUATION INDEX

The purpose of the model improvement in this study is to
ensure the detection accuracy while reducing the number of
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FIGURE 12. The principle of binocular ranging.

parameters and complexity of the model. In this regard, the
performance of the improved model is verified using the mask
average accuracy, the number of model parameters, and the
amount of computation. Different from the commonly used
evaluation metrics for target detection models, the thresh-
old of Mask AP acts on the intersection and concurrency
ratio of labeled Mask and predicted Mask,which can com-
prehensively evaluate the segmentation accuracy of instance
segmentation models. Under the same threshold, the larger

VOLUME 12, 2024

Mask AP value indicates the higher segmentation accuracy of
the model, and the value of AP is selected when the threshold
is 0.5 t0 0.95, and one value is taken every 0.05, and a total of
10 values are averaged to obtain APy 5.0.95.Mask AP is calcu-
lated from the accuracy and recall of the mask segmentation,
P as the vertical coordinate and R as the horizontal coordinate
to draw the P — R curve, the area enclosed by the curve and
the horizontal and vertical coordinates is the AP value, the
expression is shown below:

Tp
p=_t_ (24)
Tp+ Fp
Tp
R=_—"__ (25)
Tp + Fn
1
AP = / P(R)dg (26)

0

In Egs. (24)and (25), Tp indicates the number of positive
samples predicted to be positive, Fp indicates the number of
negative samples predicted to be positive, and Fy indicates
the number of negative samples predicted to be negative.

2) ABLATION EXPERIMENT

In order to verify the validity of each improvement point in
the improved model of this paper, the AP value, the number
of model parameters and the amount of computation, etc. are
used as the evaluation indexes of the ablation experiments,
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and the improvement points are categorized into four groups
of ablation experiments, namely, A, B, C, D, and E, based on
YOLOvV5n-Seg model, with “,/” representing the adoption
of the method in the experiments, and the results are shown
in Table 2.

As can be seen from Table 2, Group A replaces all ordinary
convolutional layers with Ghostconv convolutional layers
in the baseline model, and the reduction in the amount of
ordinary convolution leads to a reduction in the number
of parameters but its accuracy decreases by 4.1 percentage
points; Group B replaces all C3 modules with E-SN mod-
ules in the baseline model, and the number of parameters
is significantly reduced and the accuracy decreases by only
0.7 points, which shows that the E-SN modules are able to
extract rich feature information in a small number of feature
maps; Group C replaces the CIOU loss function with the
SIOU loss function in the baseline model, which improves
its accuracy by 0.6 percentage points while the number of
model parameters remains unchanged, so it can be seen that
the addition of angular penalties to the SIOU also improves
the accuracy a little. According to the results of the individual
experiments of the improvement points of groups A, B and C,
each improvement point plays a positive role in the accuracy
improvement or the reduction of the amount of model param-
eters, and in order to further explore the extent of the impact
of the superposition of the use of these improvement points on
the model, they are divided into different teams to conduct the
experiments. Group D replaces the ordinary convolution and
C3 module with Ghostconv convolution and E-SN module
in the benchmark model, the number of model parameters
decreases significantly but the accuracy also decreases by
1.1 percentage points, in order to minimize the loss of accu-
racy, Group E replaces the loss function with SIOU based on
Group D, and the resultant accuracy also rises by 0.3 percent-
age points compared with that of the benchmark model, and
the amount of model parameters decreases by 61.1%. All in
all, the lightweight and improved model meets the needs of
deployment on embedded devices by reducing the number of
parameters drastically while improving the accuracy slightly.

3) COMPARATIVE EXPERIMENTS OF DIFFERENT
SEGMENTATION MODELS

In order to further verify the excellence of the lightweight
improved algorithm, it is compared with the classic instance
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TABLE 1. Model training related parameter settings.

parameter name parameter value

image input size 640X640
batch size 16
learning rate 0.01
attenuation coefficient 0.0005
momentum 0.937
iterations 300

segmentation algorithms such as Mask R-CNN [28], Cascade
Mask R-CNN [29], YOLACT [30] and SOLO [31] on the
homemade dataset, and the results are shown in Table 3.
This paper’s algorithm is better than other instance segmen-
tation models both in terms of the number of parameters,
the amount of computation, and the accuracy, in which
YOLACT as a single-stage instance segmentation model is
better than the other two-stage models both in terms of the
number of parameters and the speed, but compared with the
improved algorithm of this study, the number of parameters
is 12 times as much as that of this paper’s algorithm, the
amount of computation is 4 times as much as that of this
paper’s algorithm, and the accuracy is still 5.1 percentage
points less. It can be seen that the improved algorithm in this
paper has superior performance when applied to embedded
wood sorting equipment, and the Mask segmentation effect of
the improved model and each classical segmentation model
is shown in Fig. 14. a, b, c, d, e, and f correspond to the
effect diagrams of wood section separation for the improved
models in this paper, Mask R-CNN, Cascade Mask R-CNN,
YOLACT, YOLOVS, and SOLO, respectively.

D. DIAMETER MEASUREMENT EXPERIMENTS AND
ANALYSIS OF RESULTS
1) MEASURING EXPERIMENTAL PROGRAMS AND
EVALUATING INDICATORS
According to the rules of sorting wood diameter level, the
wood diameter of 8cm or less for a diameter level, the
diameter of 8cm or more wood to 2cm for a diameter level
amount of sequential increments into different diameter lev-
els. In this experiment, a total of 12 diameter classes were
set up from small to large, numbered A to L in order, and
10 pieces of wood were selected in each class, a total of
120 pieces of wood, the minimum diameter of wood is 3.5cm,
the maximum is 29.8cm, and each piece of wood was man-
ually measured in millimeters and labeled as a comparison
of the measurement methods of this study. In order to verify
the practicability of this method, a test was carried out on the
wood diameter grade sorting equipment in a yard of Fujian
Jinlin Forestry Co. 120 pieces of wood were sequentially
transferred to the visual measurement point without interrup-
tion until all the measurements were finished, and the test
scene is shown in Fig. 15.

The results of the experiment were evaluated using the
following evaluation metrics:

1. Absolute error of wood diameter measurement: The
absolute error was obtained by subtracting the measured
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FIGURE 14. Comparison of mask results of each segmentation model.

values of each wood from the corresponding manual mea-
surements and was used to evaluate the measurement accu-
racy of the method in this study.
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TABLE 2. Comparison of ablation experiment results.

Model Ghoste E SI Paramete FLOPs AP@0.5:0
onv - 0Ou rs/10° /10° 95/%
S
N
YOLO 7.41 25.9 96.2
vSn-
Seg
A v 6.2 235 92.1
B N 4.1 17.9 95.5
C S 7.41 25.9 96.8
D v N 2.88 155 95.1
E N NN 2.88 15.5 96.5

TABLE 3. Comparison of different segmentation models.

Model Parameters/10°  FLOPs/10°  AP@0.5:0.95/%
Mask R- 43.97 111 92.9
CNN
Cascade 77.33 1678 93.2
Mask R-
CNN
YOLACT 34.73 61.43 914
SOLO 36.3 101 89.7
YOLOvV5 18.8 6.7 94.8
This article 2.88 15.5 96.5

FIGURE 15. Test scene diagram.

2. Mean absolute error of diameter measurement for each
diameter class: The absolute errors of the measurements in
each of the 12 diameter classes were averaged to evaluate the
average accuracy of the wood diameter measurements in the
different diameter classes.

3. 5 mm error ratio: The number of 120 wood measure-
ments with an absolute error greater than or equal to 5 mm
was counted, and their percentage of the total was calculated
and used to evaluate the percentage of larger errors in the
measurements.

4. Trail-level false detection rate: 120 pieces of wood were
classified into different diameter grades according to the
measured values, compared with the real labeled diameter
grades, and the ratio of the number of false detections of the
diameter grades was calculated, which was used to evaluate
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FIGURE 16. Comparison chart of visual measurement accuracy.

the credibility of the measurement method applied to the
automatic sorting of wood diameter grades.

5. Leakage rate: The number of wood roots with unmea-
sured diameters was counted and their ratio to the total was
calculated for evaluating the robustness of the measurement
method.

6. Average single-root measurement time: To validate the
efficiency of this method, the average time required for visual
measurement of each piece of wood was calculated.

7. Average Single Sorting Completion Time: In order to
verify the working efficiency of the automatic sorting system
for wood diameter grade, the time required to complete the
sorting of all 120 pieces of wood was counted, and the average
value was taken at the end.

2) EXPERIMENTAL RESULTS AND ANALYSIS

Using the method of this study, 120 wood diameters were
measured, 118 woods were detected and 2 were missed.
A line graph corresponding to the measured and manu-
ally measured values of 118 woods was made as shown in
Figure 11, with the y-axis representing the diameter of the
wood in cm,and the x-axis representing each wood. The graph
shows that the measured value is not much different from the
manual measurement value, in order to visualize the mea-
surement accuracy of the method of this study, a bar graph
is added to the graph to represent the absolute error of the
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TABLE 4. Evaluation results of each index.

Evaluation Smm Diameter Missing Average single
index error class false rate measurement
ratio detection time
rate
error | 12.7% 8.3% 1.7% 0.5S/ Single

TABLE 5. Absolute error of measurement for each group of grades.

Groups A B C D E F
Error/cm 0.42 0.2 0.24 0.21 0.24 0.18
Groups G H 1 J K L

Error/cm 0.22 0.26 0.27 0.24 0.19 0.31

measurement value of each wood, and it can be seen that most
of the error value is less than 5 mm, and the measurement
accuracy is high.

In order to further explore the reliability and efficiency
of the method of this study, the average absolute error of
diameter measurement of each diameter level, 5 mm error
ratio, diameter level misdetection rate, leakage detection rate,
average single measurement time and average single sorting
completion time were taken as the performance evaluation
indexes of the sorting system, and the results are shown in
Tables 4 and 5.
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After analyzing the results, due to the experiment set up
by the 12 diameter level is more fine, the existence of the
error led to the wood was divided into adjacent diameter
level, resulting in 8.3% of the diameter level misdetection,
the actual application can be divided into different diameter
levels to avoid the diameter level misdetection. Leakage rate
of 1.7%, 5 mm misdetection rate of 12.7%, resulting in 5 mm
error is mainly due to two reasons, one is due to the wood was
soaked in sewage caused by the color of the section and the
skin color is similar to the skin, the model will be included in
the division of the skin to make the final measurement result is
large, the second is the timber section is too tilted, resulting in
the section used to measure the diameter of the two points are
not at the same level and the difference is large, which makes
the measurement result is small. The result is small. The
average single-root measurement time is 0.3 S/root, which
meets the demand for production speed.

The average absolute errors of wood measurements for
the 12 size classes are shown in Table 5, with the average
absolute error for the smallest size class A (3.5-8 cm) being
large compared to the other size classes, the average absolute
errors for the B-K size classes being less than 0.3 cm, and the
average absolute error for the largest size class L (28-29.8 cm)
being second only to that of the A size class. There are many
factors that cause measurement errors, such as the model
segmentation error of the wood cross-section, ellipse fitting
error and binocular vision ranging error, the smallest diameter
level of wood measurement is more sensitive to the model
segmentation and binocular vision ranging error while the
largest diameter level of wood measurement is more sensitive
to the ellipse fitting error, which can be further optimized in
the algorithm. Overall, the measurement error of this research
method is within 0.5 cm, and the leakage rate is only 1.7%,
which has the advantages of higher accuracy and robust-
ness to meet the production needs of wood diameter grade
sorting.

V. CONCLUSION

In this paper, a wood diameter grade online automatic sort-
ing system is designed, which mainly contains two parts:
machine vision detection system and PLC control system,
and through the information transmission and coordinated
operation of each module, it realizes the automated online
sorting of wood diameter grade, and an average of 10 pieces
of wood can be sorted per minute. In addition, a wood diame-
ter measurement algorithm based on deep learning combined
with binocular camera is proposed, and the measurement
error can be controlled within 5 millimeters, and the average
single-root measurement time is 0.3 seconds, which ensures
the efficiency and accuracy of the wood sorting system. It can
be seen that the system can meet the production needs of
automation in the timber industry, which not only improves
the efficiency of timber sorting, but also reduces the workload
of the sorters and the cost of timber sorting, and helps the
development of the timber production and manufacturing
industry.
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