E% ERA, 32(5): 3299-3312.
L= Electronic DOI: 10.3934/era.2024151

Eg Research Archive Received: 31 January 2024
o Revised: 17 April 2024

Accepted: 30 April 2024
Published: 15 May 2024

http://www.aimspress.com/journal/ERA

Research article

Efficient defective cocoon recognition based on vision data for intelligent
picking

Jun Chen!, Xueqiang Guo?, Taohong Zhang?** and Han Zheng'*
1 Key Laboratory of Al and Information Processing (Hechi University), Education Department of
Guangxi Zhuang Autonomous Region, Hechi 546300, China

Department of Computer, School of Computer and Communication Engineering, University of
Science and Technology Beijing (USTB), Beijing, China

Beijing Key Laboratory of Knowledge Engineering for Materials Science, Beijing, China

* Correspondence: Email: 05057@hcnu.edu.cn.

Abstract: Cocoons have a direct impact on the quality of raw silk. Mulberry cocoons must be screened
before silk reeling can begin in order to improve the quality of raw silk. For the silk product sector, the
cocoons’ level of categorization and sorting is crucial. Nonetheless, the majority of mulberry cocoon
production facilities in use today choose the cocoons by hand. The accuracy and efficiency of mulberry
cocoon plucking can be significantly improved by automatic methods. To increase efficiency, mulberry
cocoons must be sorted automatically and intelligently using machine vision. We proposed an effective
detection technique based on vision and terahertz spectrum characteristics data for distinguishing
defective cocoons, including common and thin shelled defective cocoons. Each mulberry cocoon with
a defect had its spatial coordinate and deflection angle computed so that grippers could grasp it. With
3762 photos in our dataset, our approach could detect mAP values up to 99.25% of the time.
Furthermore, the GFLOPS of our suggested model was only 8.9 G, and its Parameters were only 5.3
M, making it appropriate for use in real-world application scenarios.
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1. Introduction

People want to use silk products of a higher caliber than they did in the past, and as society
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advances and living standards rise, stringent control over the reeling process’s production technology
is necessary. Approximately 50,000 tons of raw silk are produced worldwide each year. Manually
identifying the different sorts of cocoons is the primary method of cocoon picking. The hand picking
process involves not only sluggish inspection and low efficiency, but also subjective consciousness
among cocoon workers when it comes to picking quality. Young workers are unwilling to perform this
tedious work. With the development of data-driven artificial intelligence and machine vision,
intelligent equipment for cocoon recognition and automatic picking is objective and stable, and it can
reduce the labor intensity of workers, save labor costs, and greatly improve labor productivity.

The defective cocoons should be filtered out first in the silk reeling production process once the
cocoons have been collected. because it has a significant impact on the saw silk quality. Defective
cocoons come in various forms, such as cotton, pointed, thin-shelled, deformed, and so on. Employees
manually select mulberry cocoons in facilities that produce them. It is predicated on the capacity of
the human eye to perceive and assess the exterior traits of cocoons. The skill of those who collect
cocoons has a significant impact on how efficiently it can be picked. Furthermore, it is impossible to
consistently evaluate the type of cocoons because of the underlying causes of subjective consciousness
and emotions as well as the variations in each person’s physique. In addition, selecting cocoons by
hand requires a lot of labor, and workers must always maintain a fixed posture and a high level of
mental focus. We propose a data-driven intelligent method for robot grippers to identify and pick
mulberry cocoons, based on deep learning and image processing technologies. It significantly
increases labor productivity while lowering worker labor intensity, saving labor costs, and producing
objective, stable, and highly accurate picking outcomes.

Artificial intelligence technology has been slowly applied to the silkworm industry, for example,
gender recognition of cocoons [1-4]. Automatic picking reduces manual operations and improves the
efficiency and quality of picking operations. Automatic picking has been successfully applied to food
picking [5-7], industrial waste picking and recycling [8,9], and e-commerce warehouses [10]. In [11],
the use of machine learning techniques on silk seeds, including random forests, support vector
machines, and deep learning, is examined. It focuses mostly on intelligent decision-making and
automation of production processes. An image-based grading system was proposed in [12]. To
distinguish different types of cocoons, form and color attributes are retrieved from photos of silkworm
pupae based on three colors: RGB, HSV, and L*a*b. In [13], a convolutional neural network-based
approach to identify the sex and species of silkworm cocoons is described. This method can also be
used for other purposes, such as breeding studies and the classification of cocoon quality. Training on
a large number of near-infrared spectral pictures allows for excellent identification of the gender and
species of cocoons. In [14], it is suggested to employ deep learning methods to extract useful
information from terahertz imaging. It has a high degree of prediction and detection accuracy for
classifying cocoons.

This paper’s major contributions are as follows:

(1) The network structure of EV-YOLO X is created for recognition in the cocoon picking job,
and a deep learning technique based on computer vision is suggested;

(2) The deflection angle of the cocoon by an external rectangle was calculated using the Gaussian
fuzzy processing method in this paper, which was based on the OpenCV image processing method;

(3) Optical penetration technology and terahertz detection of spectral properties were used to
distinguish thin-shelled cocoons from normal cocoons, further improving the overall quality of cocoon
picking.

Electronic Research Archive Volume 32, Issue 5, 3299-3312.



3301

2. Intelligent recognition of defective cocoons

Defective cocoons refer to cocoons that cannot be reeled or are difficult to reel, which are mostly
malformed cocoons, thin-shelled cocoons, cotton cocoons, pointed cocoons, macular cocoons, etc., as
shown in Figure 1. These defective cocoons downgrade the overall raw silk quality and need to be
picked out from good cocoons. Most defective cocoons (malformed cocoons, cotton cocoons, pointed
cocoons, and macular cocoons) can be identified by their appearances, which can be intelligently
recognized by the machine vision method after establishing a deep learning-based object detection
model. However, this object detection algorithm cannot achieve high accuracy and effective
differentiation for thin-shelled cocoons. It is because there is no obvious feature difference between
thin-shelled cocoons and normal good cocoons by visual imaging. To deal with this identification, a
light penetration imaging method is proposed for distinguishing thin-shelled cocoons from good
cocoons. In addition, silk, a natural organic polymer material, exhibits strong absorption and dispersion
properties in the terahertz band wave, which makes it possible to apply terahertz detecting technology
to distinguish thin-shelled cocoons and double palace cocoons from flawless cocoons to screen high-
quality cocoons, which further improves the identification and classification accuracy.

Figure 1. Classification of mulberry defective cocoons.
2.1. Intelligent recognition of common defective cocoons

For defective cocoons, except for thin-shelled cocoons, which are denoted as common defective
cocoons, there is an obvious optical distinction between flawless and double palace cocoons. A deep
learning object detection model based on the cocoon data set is established here for identifying and
classifying cocoons. The detection technology roadmap is shown in Figure 2. The deep learning
network for the identification and classification of different cocoons is designed as shown in Figure 3.
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Figure 2. Detection technology roadmap.
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Figure 3. EV-YOLO X network structure.

Algorithm 1 summarizes the main processing of our proposed cocoon detection, which includes
the steps of normalization, local aggregation, feed-forward network processing, etc., and outputs the
cocoon features after comprehensive processing.
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2.1.1. Deep learning based detection model

Unlike image classification, which focuses on the overall information of the whole image, object
detection focuses on a specific object, and the category information and location information of this
object are obtained through the object detection algorithm. Compared with image classification, object
detection gives an understanding of the foreground and of the image, separates the object of interest
from the background, and determines the category and location of this object. Deep learning-based
object detection methods include two major categories: Two-stage methods and single-stage methods.
Two-stage refers to the way to achieve detection with two main processes: the first step is to extract
object regions, and the second step is to classify and recognize the regions based on a convolutional
neural network. Therefore, the two-stage detection algorithms are based on candidate regions. The
two-stage detection algorithms are the pioneers of deep learning detection algorithms. Common two-
stage algorithms include R-CNN [15], Fast R-CNN [16], Faster R-CNN [17], SPPNet [18], etc. Their
advantages are a low recognition error rate and a low missed recognition rate, but the speed is so slow
that they cannot meet real-time detection scenarios. The single-stage object detection algorithms do
not need to generate candidate frames and directly convert the object localization task to regression
task processing, i.e., they directly generate the class probabilities and the corresponding position
coordinate values for each object. Single-stage based algorithms require only a single detection to
obtain the final detection result. Common single-stage object detection algorithms include SSD [19],
RetinaNet [20], YOLO series [21-25], etc. Compared with the two-stage object detection algorithms,
the single-stage object detection algorithm has faster detection speed, realizes real-time recognition
with a high frame rate, and is suitable for industrial applications.

In the cocoon picking task, a network architecture of EV-YOLO X is designed for object detection,
as shown in Figure 3. The network architecture is divided into four parts, namely the input, backbone,
neck, and head. After inputting the mulberry cocoon image into the model, the modified EdgeViT [26]
network structure is used as the backbone to extract the image features. The neck part is based on the
structure of PAFPN [27] to efficiently fuse feature maps at different layers. The head part is for result
prediction, and the main highlight of the head is the use of a decoupled detection head. Classification
and regression conflicts are a common problem in object detection tasks, so decoupling the
classification and localization heads has been widely used in single-stage and two-stage object
detection tasks. However, although the backbone and feature pyramid networks of the Yolo series have
evolved, their detection heads are in a coupled manner. Here, the EV-YOLO X decouples the detection
heads with a lightweight decoupling head, which significantly improves the convergence speed of the
model. In addition, EV-YOLO X does not use anchor boxes. The benefits are as follows: First, no IoU
calculation is involved, and the number of prediction frames generated is also greatly reduced
compared to the anchor-based approach, which will reduce the computational effort of the model. Then,
the anchor-free method produces only 1/3 of the prediction frames of the anchor-based method. Since
most of the prediction frames are negative samples, the anchor-free method can reduce the number of
negative samples, which further alleviates the problem of positive and negative sample imbalance. In
addition, the anchor-free method avoids the adjustment of anchors. The scale of the anchor box of the
anchor-based method is a hyperparameter. Setting different hyperparameters can affect the
performance of the model. The anchor-free method avoids this drawback.

To reduce the training time and model hyperparameters, the proposed EV-YOLO X takes
SimOTA to dynamically match positive samples, calculates pairwise matching, i.e., the cost
relationship between each ground truth and each feature point, and selects the top k predictions with
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the lowest cost in the fixed central region as positive samples. Finally, the corresponding grids of these
positive predictions are divided into positive grids, and the remaining grids are divided into negative
grids. The calculation of the loss function is a comparison of the predicted results of the grids with
the real results. Consistent with the prediction results of the network, the loss of the network also
has three components, where two use the binary cross-entropy loss (BCE Loss), while one uses loU
Loss [28]. In addition, they calculate only the loss of positive samples, while calculates both positive
and negative samples loss. The loss function of EV-YOLO X is shown in Eq (1):

Lcis+ALreg+Lobi
Loss = les*ALreg*Lobj (1)

Npos

where L5 stands for classification loss, Lyeg stands for localization loss, L,y stands for IoU loss,

A stands for the balance coefficient of localization loss, A is taken as 5.0 in this paper. A is an adjustable
parameter used to balance the two losses. and stands for the number of anchor points classified as
positive samples.

2.1.2. Deflection angle recognition

The mulberry cocoon picking operation requires the use of industrial robots equipped with tooling
fixtures to pick up the defective cocoons, and the tooling fixtures need to know the deflection angle of
the cocoons for cocoon picking. In this paper, the calculation of the deflection angle of mulberry
cocoons is based on the OpenCV image processing method. The mulberry cocoon image is first
binarized, and then edge detection is performed. After that, the external rectangle and the minimum
area of the external rectangle are calculated. For dealing with the surface of defective cocoons, an
easily mis-detected problem, this paper uses Gaussian blur processing. In order to obtain the real
external rectangle of the mulberry cocoon, it is necessary to screen out the tiny defective external
rectangle according to the area, and this paper takes 15,000 as the boundary to keep the rectangle larger
than this boundary. As shown in Figure 4(a), the blue box is the positive external rectangle of the
mulberry cocoon, and the green box is the minimum external rectangle of the mulberry cocoon. Finally,
the deflection angle can be calculated according to the external rectangle and the minimum external
rectangle, as shown in Figure 4(b), where a is the requested deflection angle.

(a)External rectangle and minimum external rectangle (b) Calculation of the deflection angle

Figure 4. Calculation of deflection angle of mulberry cocoon.
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2.1.3. Dataset

Data acquisition is a key step in the construction of the intelligent recognition model for defective
cocoons. The quality of data collection determines the accuracy of the model and its robustness. As
shown in Figure 1, according to the quality of raw silk mulberry cocoons, they can be divided into
double palace cocoons, good cocoons, and defective cocoons. The defective cocoons are divided into
pointed cocoons, thin shelled cocoons, maggot-pierced cocoons, cotton cocoons, macular cocoons,
cocoons pressed by a cocooning frame, and malformed cocoons. The dataset is constructed by high-
definition industrial cameras to take images, as shown in Figure 5.

Figure5. Image acquisition device for mulberry cocoons.

A total of 553 images of mulberry cocoons were obtained. To ensure the recognition efficiency
and accuracy of the intelligent picking model, data augmentation is done on these 553 images using
horizontal flip, vertical flip, rotation of 90 degrees, rotation of 180 degrees, and rotation of 270 degrees.
The augmented dataset of 3762 images was obtained, as shown in Table 1. The annotation of the dataset
is done under the guidance of professional mulberry cocoon picking workers. The ratio of the total
number of training, validation, and test sets is 8:1:1.

Table 1. Details of the data set.

Amount of data Total number of Defective cocoons  Good cocoons
€oCcoons
Before 553 1548 864 684
augmentation
After augmentation 3762 9288 5184 4104

2.1.4. Results

In order to measure the quality of the neural network for the detection and recognition of mulberry
cocoons, we use precision (P), recall (R), F1 score (F1), and mean average precision (mAP) as
evaluation criteria. The calculation formulas are as follows:

P =Tp/(Tp + Fp) (2)

R = Tp/(Tp + Fy) (3)

Electronic Research Archive Volume 32, Issue 5, 3299-3312.
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F1 = 2PR/(P +R) 4
mAP ==%£_, J(P,R K) (5)

where Tp is the number of correct judgments in the prediction, Fp is the number of incorrect judgments,
FN is the number of missed detections, C is the number of cocoon categories, K is the category serial
number, and J is the area function of the P-R curve and the coordinate axis.

We put the EV-YOLO X model in the Pytorch framework with a host conFigureuration of an Intel
Core 19-9900K CPU @ 3.60 GHz * 16, 64 GB RAM, NVIDIA GeForce RTX 2080Ti * 2, and Ubuntu
18.04 OS. We use Python as the interaction language and CUDA 10.2.89 and cuDNN 7.6.4 for
accelerated computing. The preprocessed dataset is then fed into the EV-YOLO X network for training
with 100 epochs, weights saved every 10 iterations, a momentum of 0.9, an initial learning rate of
0.001, a decay coefticient of 0.0005, and a batch size of 64.

val_loss

12
\ train_loss

10

6 . H\4‘5‘__""‘-—"—mH"‘—‘—‘44*———g—————‘1_4._______gg__gg_,ggggi___.__.

loss

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94 97 100
epoch

Figure 6. Loss function curve.

Figure 7. Model detection result.

With enough training for the created mulberry cocoon dataset, EV-YOLO X is able to converge
rapidly, as evidenced by the loss function’s decrease with increasing epoch and its convergence to a
reduced interval range after roughly 10 epochs. The test set’s mulberry cocoon recognition result is
shown in Figure 7.

The detection results of EV-YOLO X and YOLO X-S [21] for mulberry cocoons are shown in
Table 2. It can be seen that EV-YOLO X has good recognition on the constructed mulberry cocoon
dataset, where the mAP reaches 99.25% and the F1 score for both defective and flawless cocoons

Electronic Research Archive Volume 32, Issue 5, 3299-3312.
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reaches 98%. In contrast, the model YOLO X-S has an mAP of 99.77% and an F1 score of 98% and
97% for defective and flawless cocoons, respectively. The target detection speed and accuracy of
several networks for cocoon detection are shown in Table 3, together with the computational and
parametric parameters. Table 3 illustrates that the number of parameters of EV-YOLO X is only
59.05% of YOLO X-S, 14.5% of RetinaNet, 14.2% of YOLOv7-1, 11.3% of YOLOvVS5-1, and 8.6% of
YOLOV3. Based on these comparisons, our suggested technique has the least amount of computational
and parametric materials. Of YOLO X-S, only 33.42% of surgeries are performed. The overall
performance of the YOLO X-S and the EV-YOLO X proposed in this paper is shown in Figure 8.

Table 2. Detection results on the mulberry cocoon dataset.

Model Category Precision Recall F1 Score AP mAP

YOLO X-S Defective (0) 98.67% 98.11% 98% 99.81% 99.77%
Flawless (1) 95.77% 98.79% 97% 99.73%

EV-YOLO X Defective (0) 97.54% 97.54% 98% 99.25% 99.25%
Flawless (1) 97.14% 98.79% 98% 99.25%

Table 3. Results of Params, GFLOPs, mAP and FPS experiments with different models.

Model Params(MB) GFLOPs mAP FPS
YOLOvV3 61.63 156.62 98.79 30
YOLOv5-1 46.64 115.92 99.08 26
YOLOv7-1 37.3 106.47 97.98 34
RetinaNet 36.35 191.42 98.75 18
YOLOX-S 8.94 26.76 99.77 32
EV-YOLOX (ours) 5.28 8.94 99.25 33
100.00%
98.00%
96.00%
94.00% 30
92.00% 25
90.00% 20
Precision Recall F1 Score 15
B Flawless o . o N
(YOLO X-5) 95.77% 98.79% 97% 99.73% 10
W Defective o B o B 5
(YOLO X-5) 98.67% 98.11% 98% 99.81% I I l
Flawl GFLOPS(G Params(M)
Evrolox) O714% | 98.79% 98% 99.25% OLO s . aom
Defective . . ) . WEV-YOLO X 8.938 5.278
(EV-YOLO X) 97.54% 97.54% 98% 99.25%
(@) (b)

Figure 8. Overall performance evaluation of EV-YOLO X.
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2.2. Recognition of thin shelled cocoons
2.2.1. Recognition based on bottom light source

For thin-shelled cocoons, the cocoon layer is thin and inelastic, and the quality is much worse
compared to high-quality cocoons. Therefore, in order to obtain high-quality cocoons, the thin-shelled
cocoons need to be further selected. However, there is no obvious distinguishability between thin-
shelled cocoons and flawless cocoons, and thus no high-precision distinction can be obtained based on
optical images fed directly into a deep learning-based object detection algorithm. We distinguish thin-
shelled and flawless cocoons based on the finding that they have different penetrations of light. The
specific principle is that thin-shelled cocoons, due to their thinner shell, can penetrate more light
compared to flawless cocoons when illuminated by light, and this distinguishing feature can be used
to distinguish between flawless and thin-shelled cocoons. As shown in Figure 9, Figure 9(a) is a thin-
shelled cocoon, and Figure 9(b) is a flawless cocoon. This distinctive feature can guide industrial
robots equipped with tooling fixtures to complete grasping and picking operations.

\ Y

(@) thin- shelled cocoon (b) flawless cocoon

Figure 9. Light penetration images of thin shelled and flawless cocoons.

Figure 10. Terahertz spectral measurement equipment.
2.2.2.  Recognition based on terahertz spectrum
Between infrared and microwave, terahertz is an electromagnetic wave with a frequency in the
range of 0.1 THz to 10 THz and a wavelength of about 0.03 mm to 3 mm, which has many features

and advantages that other electromagnetic waves do not have. Terahertz has excellent spectral
discrimination ability, and its band contains rich spectral information. Silk exhibits strong absorption

Electronic Research Archive Volume 32, Issue 5, 3299-3312.
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and dispersion properties in this band. This makes it possible to apply terahertz detection technology
to further analysis of flawless cocoons and thin-shelled cocoons to improve the identification accuracy
of thin-shelled cocoons and obtain higher-quality cocoons. The terahertz spectroscopy measurement
equipment used for this experiment is shown in Figure 10. The results of the data measured by the
terahertz technique for the flawless and thin-shelled cocoons are shown in Table 4, and the
visualization results are shown in Figure 11. It can be seen that for flawless cocoons, the amplitude is
less than 3 x 1073, and for thin-shelled cocoons, the amplitude is greater than 3 x 1073, indicating more
energy absorption for flawless cocoons and less for thin-shelled cocoons. Based on this observation,
we can distinguish between thin-shelled cocoons and flawless cocoons. Through the analysis of
amplitude, it can be obtained that 3/6.34 = 47%; the distinguishing threshold is 47%. When the
amplitude ratio between the placed cocoon and the not-placed cocoon is greater than the threshold
value of 47%, it can be judged as a thin-shelled cocoon; otherwise, it is a flawless cocoon.

reference

—— flawless_min
—— flawless_max
—— thin-shelled_min
thin-shelled_max

0.006

0.003

Y (amplitude)

0.000

-0.003 T T
0.00E+00 5.00E-12 1.00E-11

X (position)

Figure 11. Terahertz detection of cocoons.

Table 4. Terahertz detection results.

Position (X) Amplitude (Y)
Flawless cocoon (20.45-20.47) X 10°13 (2.63-2.93) x 1073
Defective cocoon (20.48-20.50) x 10713 3.09-3.44) x 1073
Nothing (reference) 20.61 x 10713 6.34 x 103

3. Conclusions

In this work, an efficient and lightweight object detection network is constructed for recognizing
normal defective cocoons. It achieves 99.25% mAP on the constructed mulberry cocoon dataset, and
it has only 33.42% of the GFLOPS of YOLO X-S and 59.05% of the parameters of YOLO X-S. Light
penetrating and combined with terahertz spectrum data are utilized for thin-shelled cocoon picking and
classification. Intelligent detection of multiple types of defects in mulberry cocoons can be achieved,
and multiple characteristics of defects can be expressed quantitatively through a non-contact approach.
This can greatly improve the production efficiency of silk reeling enterprises and the quality of raw
silk. Although the network is designed to be lightweight, the network structure can be further optimized
to adapt to resource-constrained environments in subsequent, more complex application scenarios.
Moreover, because the dataset used in this study is a self-constructed dataset, which lacks a certain

Electronic Research Archive Volume 32, Issue 5, 3299-3312.
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degree of diversity and performance in different scenarios, the dataset can be expanded to diversify
the dataset in subsequent studies.
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