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Abstract: The accurate acquisition of safflower filament information is the prerequisite for robotic
picking operations. To detect safflower filaments accurately in different illumination, branch and leaf
occlusion, and weather conditions, an improved Faster R-CNN model for filaments was proposed.
Due to the characteristics of safflower filaments being dense and small in the safflower images, the
model selected ResNeSt-101 with residual network structure as the backbone feature extraction
network to enhance the expressive power of extracted features. Then, using Region of Interest
(ROI) Align improved ROI Pooling to reduce the feature errors caused by double quantization. In
addition, employing the partitioning around medoids (PAM) clustering was chosen to optimize the
scale and number of initial anchors of the network to improve the detection accuracy of small-sized
safflower filaments. The test results showed that the mean Average Precision (mAP) of the improved
Faster R-CNN reached 91.49%. Comparing with Faster R-CNN, YOLOv3, YOLOv4, YOLOVS5, and
YOLOVS6, the improved Faster R-CNN increased the mAP by 9.52%, 2.49%, 5.95%, 3.56%, and 1.47%,
respectively. The mAP of safflower filaments detection was higher than 91% on a sunny, cloudy, and
overcast day, in sunlight, backlight, branch and leaf occlusion, and dense occlusion. The improved
Faster R-CNN can accurately realize the detection of safflower filaments in natural environments. It
can provide technical support for the recognition of small-sized crops.

Keywords: object detection; safflower filaments; faster R-CNN; ROI Align; ResNest-101

1. Introduction

Safflower is a specialty cash crop globally. The cultivated area of safflower in the
world is 8 x 10° hm? with a production of 6.5 x 10° tons [1]. Safflower filaments are the
main product of safflower. China is one of the major safflower filaments producers in the
world [2]. Safflower filaments have a wide range of applications in the fields of medicine,
feed, natural pigments, and dyes [3,4]. However, the current harvesting method of safflower
filaments mainly relies on manual work, which is time-consuming and inefficient. In the
production of filaments, the picking of filaments is more and more suited to mechanization
and artificial intelligence. Due to the small size of safflower filaments and the interference
of the natural environment such as weather, illumination variation, and branch and leaf
occlusion, the color and texture features of the filaments are difficult to extract, resulting
in easy misdetection and omission [5,6]. Therefore, improving the detection accuracy of
safflower filaments in natural environments is conducive to the development of robotic
automated picking.
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Detection of objects is mainly based on one or more combinations of color, shape, and
texture features [7-10]. Convolutional Neural Networks (CNN) extract different levels of
features from shallow to deep in the input image through convolutional, pooling, and fully
connected layers to achieve image detection [11]. The model has been applied to target
detection [12-14]. Dias et al. [15] proposed end-to-end residual CNN for apple flower
detection. The apple flower features are extracted and individual hyper pixels are classified
using Clarifai CNN architecture with accuracy and recall close to 80%. Farjon et al. [16]
used the Faster R-CNN model with improved anchor boxes to detect apple flowers with an
average detection accuracy of 68%. Gogul et al. [17] designed a flower recognition system
based on CNN and migration learning with Rank-1 accuracies of 82.32% on the flower
dataset. Sun et al. [18] finetuned the semantic segmentation network DeepLab-ResNet
using the apple flower dataset in different environments and obtained an F; value of 80.9%
for the CNN model. Zhao et al. [19] proposed a cascaded CNN-based detection method for
the tomato flowering period with an accuracy of 76.67% in a glass greenhouse environment.
Xia et al. [20] proposed a Faster R-CNN classification detection model with attention and
multiscale feature fusion. The accuracy of detecting hydroponic kale buds with different
maturity levels could be maintained above 90%. Li et al. [21] used High Resolution Network
(HRNet) as the backbone network to detect hydroponic lettuce seedlings. The mAP of the
hydroponic lettuce seedlings is 86.2%.

The above studies demonstrated the feasibility and effectiveness of deep learning
methods applied to safflower filament detection, providing a reference for filament detec-
tion. However, the main objects of the current methods were the detection of apple blossom,
tomato, and hydroponic lettuce. They had larger object sizes than safflower filaments and
sparser target distributions than filaments. Meanwhile, these methods did not consider the
interference of the natural environments on target detection. In reality, safflower filaments
are small and dense, with severe branch and leaf occlusion. In addition, different weather
and illumination conditions can affect detection in the natural environment. Therefore,
there is still the problem of inefficient performance in practical applications. The detec-
tion of safflower filaments has many particularities and faces the following problems in
natural environments. Firstly, safflower filaments are small in size, dense, and unevenly
distributed. Since detecting small objects is a difficult task, most object detection models
have a tough time dealing with small objects [22]. Secondly, densely planted safflower was
severely shaded by branches and leaves, leading to missed inspections. Thirdly, detection
can be interfered with by weather and illumination variations in natural environments,
making the color and texture characteristics of filaments unevenly represented and leading
to misdetection.

To effectively solve the detection problems with the small size of the filaments, and
the weather and occlusion interference, avoiding misdetection and omission, images of
safflower were collected in different natural environments to construct datasets for model
training and evaluation. Combining with ResNeSt-101 and ROI Align, and optimizing
the anchor boxes in Faster R-CNN, safflower filament detection was explored in natural
environments. The following is a list of the key contributions of this study:

(1) Aiming at addressing the interference problem of the natural environment, ResNeSt-
101 used the Split Attention module to carry out multi-scale effective feature extraction.
Meanwhile, enhancing the ability of local feature extraction improved the detection
accuracy and avoided leakage and false detection.

(2) Based on the size of safflower filaments, the anchor box size in the region genera-
tion network was optimized using the PAM clustering algorithm. The anchor box
size matched with the filaments size more closely, leading to improved accuracy in
detecting small sizes.

(3) ROI Align was used instead of ROI Pooling to reduce the feature error of safflower
filaments caused by double quantization. The target bounding box was depicted more
accurately, improving the detection accuracy.
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This article is structured as follows. Section 2 describes the safflower-picking robot
and the safflower image dataset used. Section 3 proposes a framework structure of the
improved Faster R-CNN for safflower filament detection. Section 4 describes the evaluation
indicators of the network model. Section 5 conducts multiple sets of experiments and
evaluates and comparatively analyzes the results. Section 6 gives the conclusions of this
article and the directions of future work.

2. Materials
2.1. The Owverall Structure of a Safflower-Picking Robot

The safflower-picking robot is mainly composed of a visual recognition system, a
three-axis linear slide, an electronic control box, an end-effector, a calculator, and a machine
frame. The overall structure is shown in Figure 1. The safflower-picking robot moves at
a speed of 0.2 m/s in the field. The vision system uses an Intel Realsense D435i RGB-D
(Intel Corporation, Attn: Corp. Quality, 2200Mission College Blvd, Santa Clara, CA, USA)
depth camera to capture the safflower image and obtain the positional information of the
safflower filaments. The controller drives the end-effector to move to the picking position
based on the obtained filament information.

Figure 1. The overall structure of the safflower-picking robot. 1. Walking device; 2. collecting box;
3. machine frame; 4. visual recognition system; 5. calculator; 6. three-axis linear slide; 7. end-effector;
8. electronic control box; 9. mobile power.

2.2. Image Acquisition

The safflower images were obtained from a safflower plantation in Ili Kazakh Au-
tonomous Prefecture, China. The shooting equipment was the Intel Realsense D435i RGB-D
depth camera and Canon E700D camera, during the actual safflower filament opening
period from 15 July 2023 to 27 July 2023. The planting pattern is standardized to 50 cm
spacing between rows of safflower and 20 cm spacing between plants per row of safflower.
The image acquisition process simulates the natural environments of the safflower-picking
robot during field operations, capturing images of different weather, light, and shade condi-
tions. The shooting process constantly changes the shooting angle and distance to improve
the diversity of the data. The original image format was JPG. To meet the requirements of
model training on the scale and diversity of the dataset, the data expansion method was
used to process the image in the safflower filament dataset. Expansion methods mainly
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include random scaling, flip transformation, and color dithering. The total amount of the
expanded safflower filament dataset reaches 4500 images. The number of images under
sunny, cloudy, and overcast conditions was 2260, 1083, and 1167, respectively. The number
of images under sunlight and backlight conditions was 1272 and 988, respectively. The
number of images under dense occlusion and branch and leaf occlusion was 903 and 1197,
respectively. Some representative images are shown in Figure 2.

— : -

Figure 2. Examples of safflower images under natural environments: (a) sunny day; (b) cloudy day;
(c) overcast day; (d) sunlight; (e) backlight; (f) branch and leaf occlusion; and (g) dense occlusion.

2.3. Construct of Safflower Image Dataset

The obtained 4500 images were manually labeled with the safflower filaments in the
images using the Labellmg in PASCAL VOC (Labellmg 1.8.1) annotation format. According
to the morphology and color of the safflower filaments in different growth periods, the
filaments were classified into two categories: the opening period and the flower-shedding
period [23]. The smallest outer rectangle of the filaments was used as the ground-truth box
when labeling.

According to the ratio of 7:2:1, the safflower image dataset was randomly shuffled and
divided into training sets, validation sets, and test sets, respectively. The training sets and
validation sets were used for improved Faster R-CNN training and evaluation. The test sets
were used to evaluate the improved Faster R-CNN detection effect on safflower filaments.

3. Methods
3.1. Faster R-CNN Network

Faster R-CNN is a two-stage target detection network. It has a low recognition
error rate and a low omission rate [24]. YOLO and SSD are one-stage target detection
networks. These network models are characterized by rapidity, but the accuracy is slightly
lower compared to two-stage target detection networks [25]. Therefore, the Faster R-CNN
network model is selected to achieve the detection of filaments. The Faster R-CNN model
mainly consists of the main feature extraction network, region proposal network (RPN),
region of interest (ROI Pooling), and classification and regression.

Faster R-CNN extracts features from the image using the feature extraction network
VGG16 and obtains the feature map. The feature map is input to the RPN network. The
RPN network generates 9 anchor boxes of different sizes and maps the anchor boxes to
the feature map. A certain number of anchors are selected using a set threshold and
regression correction is performed on the selected anchors to obtain the target prediction
boxes. The ROI Pooling module performs maximum pooling on the target prediction
boxes and adjusts it to a fixed size. The target prediction box of fixed size is fed into
the fully connected layer and softmax classifier to obtain the prediction box position and
classification confidence [26,27].
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ResNeSt-101
Feature Extraction Network

3.2. Improved Faster R-CNN

Because of the small size and large number of safflower filaments, the detection is
easily affected by weather, illumination, and occlusion in natural environments. To address
the problem that it was difficult to detect small-sized safflower filaments with Faster R-
CNN, a Faster R-CNN-5101 network model for small-sized safflower filament detection
was proposed in natural environments.

Faster R-CNN-5101 used ResNest-101 as the backbone feature extraction network. The
Split Attention module in ResNest-101 was used to distribute information across feature
map groups to improve feature extraction for small-sized safflower filaments. ROI Align
was used to improve ROI Pooling to reduce the feature quantization error and to more
accurately portray the target bounding box. The PAM clustering algorithm was used to
optimize the scale and number of the initial prediction boxes of the network. The accuracy
detection of the model for small-sized filaments was improved. The structure of the Faster
R-CNN-5101 model is shown in Figure 3.
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Figure 3. Faster R-CNN-5101 network structure diagram.

3.2.1. Backbone of Faster R-CNN-5101 Model

To improve the ability of the model to extract the feature information of safflower
filaments in natural environments, ResNeSt-101 was used as the backbone network for
extracting the image features in Faster R-CNN. Zhang [28] used ResNeSt to compare with
the other neural networks in target detection, resulting in the highest accuracy rate of
ResNeSt. ResNeSt was a ResNet variant network structure incorporating a distractor
attention mechanism. In ResNeSt Block, the input safflower filament image was divided
into k cardinals based on the channel dimension. Meanwhile, each cardinal was split into
r subgroups. Each subgroup was subjected to a1 x 1 + 3 x 3 convolution operation.
Then, the split attention operation was performed on the r subgroups. Global average
pooling was applied to obtain the weights of each cardinal. The introduction of the split
attention mechanism allowed the network to extract more comprehensive and accurate
feature information through the attention mechanism and fusion of multiple sets of features.
The network structure of ResNeSt-101 is shown in Figure 4.

3.2.2. Optimizing the Size of Anchor Boxes

The dataset of safflower filaments was passed through a feature extraction network
for feature extraction. The resulting feature map was fed into the RPN network. The RPN
network selected a 3 x 3 convolutional kernel as a sliding window for feature map traversal
work. The sliding window slides to each position. The center of the region at this location



Agronomy 2023, 13, 2596 6 of 15

consisted of nine anchor boxes in three sizes (1282, 2562, 5122) and three aspect ratios (0.5,
1, 2) to obtain the candidate region [29].
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Figure 4. Network structure of (a) ResNeSt block; (b) ResNeSt-101; (c) split attention.

The statistics of the dimensions of the filaments in the safflower image dataset are
shown in Figure 5a. The horizontal and vertical coordinates were the width and height of
the dimensions of the filaments, respectively. It can be seen that the width and height of the
filaments are centrally distributed between 0 and 200 pixels. The aspect ratio of the filament
can be obtained from the size of the filament. The statistical results are shown in Figure 5b.
The aspect ratio of the filaments was mostly concentrated between 0.5 and 1.5. From the
above data, there was a large difference between the size or aspect ratio of the filigree and
the initial predicted box size generated in the Faster R-CNN network. Large anchor boxes
tend to miss identifying small-sized safflower filaments in the image. To optimize the scale
of the initial prediction boxes of the Faster-RCNN network, using the Partitioning Around
Medoids (PAM) algorithm clustered the filament sizes according to the size and aspect
ratio of the filaments. Each color represented a cluster, and there were 5 clusters in total. In
addition, according to the clustering results, the optimized initial prediction boxes were
obtained with sizes of 322, 752, 1282, 2002, and 3002, and aspect ratios of 0.7, 0.9, 1.2, and 1.5.

a00 .. 30,000 - 28589
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10,000 |
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The number of statistics

1658 1§28

0 0 433 168
0 50 100 150 200 250 300 350 400 0~0.5 05~1 1~15 15~2 2~25 25-3
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Figure 5. Safflower filament statistics of (a) filament size; (b) aspect ratio.

3.2.3. ROI Align

There are two quantization processes for ROI Pooling in Faster R-CNN networks.
Firstly, the boundaries of the safflower filament candidate boxes were quantized into
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integer coordinate values. Secondly, the coordinate values were pooled in the feature map
to get the final fixed-size feature map. Feature deviation caused by rounding operation
occurs after two quantizations. Due to the small-sized filaments, which correspond to
fewer feature pixels, the feature deviation would appear as the disappearance of feature
pixels, affecting the detection accuracy. Therefore, to address the bias problem caused by
double quantization, drawing on the network design idea of Mask R-CNN [30], ROI Align
was used to improve ROI Pooling in the network.

ROI Align traversed each feature extraction region and kept the floating point bound-
aries unquantized. The feature extraction region was partitioned into k x k bins. The
resulting boundary points were not quantized. Then, each bin was divided into 4 mini bins.
The pixel value at the center of 4 mini bins was calculated using the bilinear interpolation
algorithm. Meanwhile, the maximum of these 4 eigenvalues was taken as the eigenvalue
of the bin. Finally, k x k eigenvalues were obtained. The result of the ROI Align feature
map did not have the situation of ROI Pooling feature bias, which was more in line with
the needs of the detection of safflower filaments.

4. Network Training
4.1. Training Platform

The computer system was Windows 10, with an Intel Core(TM) i9-13900KF CPU @ 3.0
GHz as the processor model and GeForce GTX4070 as the graphics card. The framework for
deep learning was PyTorch 1.7.1. The programming platform was Visual Studio Code, and
the programming language was Python 3.7. The trained procedure used NVIDIA CUDA
11.0. The CUDNN V8.0.5.39 was selected as a deep neural network acceleration library.

4.2. Evaluation Indicators of the Network Model

The Precision rate (P), the Recall rate (R), the F; score, the Average Precision (AP),
and the mean Average Precision (mAP) were chosen as the metrics of filament recognition
precision [31,32]. The F; score is the reconciled mean of precision and recall. AP is the area
formed by the precision-recall curve and the coordinate axis. The mAP is the average value
of the AP for different categories. The evaluation indicator is calculated as [33]:

TP )
P= rpp X 100% 1)
TP
R= —" % 100% 2
TP+ EN < 100% @
2PR
j 100%
1= g % 100% 3)
1
AP:/ P(R)dR 4)
0
2
5, AP(n)
mAP = % x 100% 5)

where TP represents the number of correctly detected safflower filaments; FP represents the
number of incorrectly detected safflower filaments; FN represents the number of missed
safflower filaments; P represents the ratio of correctly detected safflower filaments to all
prediction boxes, %; R represents the ratio of correctly detected safflower filaments to all
safflower filaments, %; F; represents the reconciled average of the precision rate and the
recall rate; AP represents the mean precision value of the same type of safflower filaments,
%; and mAP represents the mean value of the average precision of the filaments during the
opening period and the flower-shedding period, %.
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5. Results and Discussion
5.1. Training Results

The Faster R-CNN-5101 was trained for 1000 epochs. To accelerate the training
speed and prevent the weights from being corrupted, the first 500 epochs were trained by
freezing and the initial learning rate was 0.001. The last 500 epochs were trained using
unfreezing with a learning rate of 0.0001. The feature extraction network was unfrozen to
continuously optimize the training parameters. The training process used the adaptive
moment estimation (Adam) optimization model to improve the model. The momentum
factor was set to 0.9. The weights file was saved after every five epochs of training.
The weights file with the highest accuracy was finally saved and displayed for safflower
filament prediction.

The Faster R-CNN-5101 training results are shown in Figure 6. The loss value was
used to check the training effect, and mAP was used to evaluate the detection accuracy
mean of the model. The curve of loss value oscillated at 500 iterations due to the change
in the training method. As the number of iterations increased, the loss value gradually
stabilized around 0.61. The mAP was 89.14%.

100
901
801
70
60
50
40
30
20
10t

Train loss
Validation loss

Loss
R i i s e
[\ >~ » oo o [\ >

mAP/%

0 200 400 600 800 1000 0 200 400 600 800 1000

Iteration numbers Iteration numbers
(a) (b)

Figure 6. Training results of (a) loss curve; (b) mAP.

5.2. Comparison of Other Object Detection Models

To evaluate the effectiveness of the Faster R-CNN-5101 network for safflower filament
detection, under the same conditions, the YOLOv3 [34], YOLOvV4 [35], YOLOvV5 [36],
YOLOV6 [37], Faster R-CNN [38], and Faster R-CNN-S101 detection models were trained
using the safflower filament training set. The safflower filament test set was used to evaluate
the detection effect of the above six detection models. The performance comparisons
between these six detection models are listed in Table 1.

Table 1. Performance of six target detection models.

AP/%

. e o 0 0 0

Model Precision/% Recall/% F1/% Opening Period Flower-Shedding Period mAP/%
YOLOvV3 89.70 84.49 87.32 91.49 86.52 89.00
YOLOv4 89.49 77.75 78.57 88.25 82.82 85.54
YOLOvV5 89.92 76.86 82.54 89.40 86.46 87.93
YOLOv6 90.31 80.25 83.36 90.12 89.91 90.02
Faster R-CNN 78.96 82.32 76.52 82.92 77.34 81.97
Faster R-CNN-5101 89.94 87.81 89.57 93.19 89.93 91.49

To evaluate the performance of the Faster R-CNN-5101 model, we report quantitative
comparison results, as shown in Table 1. Faster R-CNN-5101 had a precision of 86.75%,
a recall of 92.19%, an AP of 93.19% in the opening period, an AP of 89.93% in the flower-
shedding period, and a mAP of 91.49%. All values of Faster R-CNN-5101 were higher than
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those of YOLOv3, YOLOv4, YOLOV5, and Faster R-CNN, where the mAP was improved
by 2.49%, 5.95%, 3.56%, and 9.52%, respectively. The results showed that the overall
improvement of Faster R-CNN-5101 could better detect small-sized safflower filaments
and increase the mAP of detection. Compared with YOLOvV®6, Faster R-CNN-5101 showed
a lower detection precision by 0.37%, but a higher recall by 7.56%, a higher AP by 3.57%
in the opening period, a higher AP by 0.02% in the flower-shedding period, and a higher
mAP by 1.47%. Especially, the recall rate and the AP of filaments in the blooming period
were improved significantly. This showed that Faster R-CNN-5101 could extract richer
feature information, distinguish filaments from branches, leaves, and background areas,
and reduce false and missed detections.

The results showed that the Faster R-CNN-5101 model’s values of recall, AP, and mAP
were significantly higher than other models. The Faster R-CNN-5101 model was better than
other models in small-sized safflower filaments detection, with excellent comprehensive
detection performance.

5.3. Ablation Experiment

To address the problem of detecting safflower filaments with small sizes, the Faster R-
CNN model was improved in this paper. An improved Faster R-CNN model was proposed
with ResNeSt-101 as a backbone network, optimized anchor box size, and feature mapping
using ROI Align. Four sets of ablation tests were performed separately for validation. The
ablation test results are shown in Table 2.

Table 2. Comparison of performance of ablation tests.

Module Setting
Test No. : . mAP/%
ResNeSt-101 ROI Align Optimize Anchor Boxes
I - - - 81.97
I Vv - - 87.67
I v Vv - 90.07
v v Vv Vv 91.49

Note: “4/” is the added structure; “-” is the unadded structure.

Experiment I was the original Faster R-CNN model. The mAP for safflower fila-
ments detection was 81.97%; experiment II used ResNeSt-101 as the backbone network.
The mAP was improved by 5.7% compared with the original network. This indicated
that ResNeSt-101 could effectively enhance the feature extraction ability for small-sized
safflower filaments and improve the recognition accuracy of the network for safflower
filaments. Experiment III used ROI Align to replace ROI Pooling for feature mapping, and
the model’s mAP was improved by 2.4% compared with the ROI Pooling network. The
results showed that ROI Align could reduce the feature quantification error of ROI Pooling
using the bilinear interpolation calculation method. The accuracy of safflower filament
detection was also improved. Experiment IV optimized the anchor box size and improved
the mAP of the network model by 1.42%. This indicated that optimizing the anchor box
size was a way to improve the detection accuracy of small-sized safflower filaments. The
mARP of the Faster R-CNN-5101 model was improved by 9.52% compared with the Faster
R-CNN model. This fully demonstrated that using ResNeSt-101 as the backbone network,
using ROI Align instead of ROI Pooling, and optimizing the anchor box size could improve
the network performance.

5.4. Confidence Test

Five groups of images containing different numbers of safflower filaments were
selected to test the Faster R-CNN and Faster R-CNN-5101 models. The comparison of
confidence quantities is shown in Table 3. The typical detection results of group 2 in Table 3
are shown in Figure 7.
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Table 3. Comparison of confidence quantities in five groups.

Model No. Total Number Discover Number  Miss Number
1 9 9 2
2 10 7 0
Faster R-CNN 3 13 11 1
4 14 10 2
5 18 14 0
1 9 9 0
Faster 2 10 o 0
3 13 13 1
R-CNN-5101 4 14 13 0
5 18 17 1

(b)
Figure 7. Comparison of confidence for (a) Faster R-CNN; (b) Faster R-CNN-5101.

The confidence test results are displayed in Table 3. The Faster R-CNN-5101 model
correctly detects the number of 9, 10, 13, 13, and 17. The Faster R-CNN model correctly
detects the number of 9, 8, 11, 10, and 14. As shown in Figure 6, the missed and misdirected
areas are marked with yellow arrows in the figure. The confidence level of the safflower
filaments was mostly above 0.9. The Faster R-CNN-5101 model had higher confidence
than the Faster R-CNN model in the corresponding detection boxes and detected a larger
number of safflower filaments. The reason was that the Faster R-CNN-5101 model could
extract richer feature information and had a more fitting predictive anchor box scale, which
enabled the feature map to obtain better detection results. Therefore, the Faster R-CNN-
5101 model enhances the confidence level of the detected safflower filaments with better
detection ability.

5.5. Safflower Image Test for Detection in Natural Environments

To verify the adaptability and effectiveness of the Faster R-CNN-5101 model in natural
environments, the classification of natural scenes according to different weather, lighting,
and occlusion conditions and the detection of safflower images in different scenes under
the same experimental conditions were carried out. The detection data under different
scenes are listed in Table 4 as a means of evaluating each performance of the Faster R-CNN-
5101 model.

5.5.1. Effect of Detection in Different Weather Conditions

The precision of the Faster R-CNN-5101 model in detecting safflower filaments under
sunny, cloudy, and overcast weather was 89.75%, 89.58%, and 89.61%, respectively. The
Faster R-CNN-5101 detection results were higher than the Faster R-CNN model by 10.91%,
10.72%, and 10.63%, respectively. The mAP was 91.62%, 91.48%, and 91.56%, which was
9.7%, 9.67%, and 9.68% higher than that of the Faster R-CNN model. The detection effect is
shown in Figure 8. Missed and misdetected safflower filaments were marked with arrows
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in the Faster R-CNN-5101 detection. Due to changes in the weather, the light intensity was
changed. The color and texture features of filaments were altered by weak light intensity
on cloudy days, resulting in the similarity of filament features to the soil background color.
It was difficult to extract filament features. Because of the uneven illumination in cloudy
weather, the color and texture features of safflower filaments were unevenly expressed. It
was easy to cause misdetection and omission. The Faster R-CNN-5101 used ResNet101 as a
feature extraction network. The split attention module was introduced to enhance feature
extraction while weakening background interference through the attention mechanism and
multiple feature fusion. Therefore, the Faster R-CNN-5101 model could be better applied
to the detection of safflower filaments under different weather conditions.

Table 4. Detection accuracy of models in different scenarios.

Model Scenes Classes Precision/% Recall/% F1/% mAP/%
Sunny day 78.84 74.17 76.71 81.92
Weda,t},‘er Cloudy day 78.86 74.06 76.52 81.81
conditions Overcast day 78.98 74.17 77.60 81.88
Faster RCNN 1y ination Sunlight 79.31 74.19 77.74 82.05
conditions BaCklight 79.15 74.08 77.69 81.90
Occlusion Branch and leaf occlusion 79.31 74.06 77.55 81.62
conditions Dense occlusion 79.24 74.29 77.47 81.48
Sunny day 89.75 86.19 89.67 91.62
W‘?}.‘er Cloudy day 89.58 86.18 89.56 91.48
conditions Overcast day 89.61 86.09 89.61 91.56
Faster
R-CNN-5101 Mlumination Sunlight 89.68 86.53 89.69 91.69
conditions Backlight 89.65 86.44 89.54 91.66
Occlusion Branch and leaf occlusion 89.59 86.43 89.60 91.53
conditions Dense occlusion 89.64 86.26 89.53 91.50

Faster R-CNN-
5101

Faster R-CNN

(b)

Figure 8. Recognition results under different weather conditions: (a) sunny day; (b) cloudy day;
(c) overcast day.
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5.5.2. Effect of Detection in Different Illumination Conditions

The precision of the Faster R-CNN-5101 model was 89.68% and 89.65% in sunlight and
backlight. The Faster R-CNN-5101 detection results were higher than the Faster R-CNN
model by 10.37% and 10.5%, respectively. The mAP was 91.69% and 91.66%, which was
9.64% and 9.76% higher than that of the Faster R-CNN model. The detection effect is shown
in Figure 9. Missed and misdetected safflower filaments were marked with arrows in the
Faster R-CNN-5101 detection. Because of the uneven illumination under the backlight,
the safflower filaments became dark and unclear, resulting in blurred filament color and
texture, and the features were difficult to extract. The filaments of the opening period were
similar to the yellowed leaves which were easily misdetected. The results showed that the
Faster R-CNN-5101 model could more accurately detect safflower filaments under different
illumination intensities with high confidence.

Opening_per
wt o

s

Figure 9. Recognition results under different illumination conditions: (a) sunlight; (b) backlight.

5.5.3. Effect of Detection in Different Occlusion Conditions

The precision of the Faster R-CNN-5101 model in detecting safflower filaments under
the conditions of branch and leaf occlusion and dense occlusion was 89.59% and 89.64%,
respectively. The Faster R-CNN-5101 detection results were higher than the Faster R-CNN
model by 10.28% and 10.4%, respectively. The mAP was 91.53% and 91.50%, respectively,
which was 9.91% and 10.02% higher than the Faster R-CNN model. The detection effect is
shown in Figure 10. Missed and misdetected safflower filaments were marked with arrows
in the Faster R-CNN-5101 detection. Because of the dense planting pattern, branches and
leaves could shade some of the safflower filament features, resulting in the display of
insufficient features for the model to make correct detection. There were more missed
detections. Faster R-CNN detection maps showed significantly more misdetections and
omissions than Faster R-CNN-5101. Comprehensively, the Faster R-CNN-5101 model had
better anti-interference ability and feature extraction ability. The detection effect was better
than that of the Faster R-CNN model.
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Faster R-CNN-S101

Faster R-CNN

Figure 10. Recognition results under different occlusion conditions: (a) branch and leaf occlusion;
(b) dense occlusion.

6. Conclusions and Future Work

To address the difficulty of accurately recognizing small-sized safflower filaments
in natural environments, an improved Faster R-CNN model for filaments detection was
proposed. ResNeSt-101 was used as the backbone network to improve the feature extraction
ability for small-sized safflower filaments. According to the size of safflower filaments, the
anchor box sizes were optimized using the PAM clustering algorithm to improve detection.
The feature map was aligned using ROI Align to reduce feature quantization errors and
improve the recognition accuracy of the model in the original detection boxes. The test
results showed that the Faster R-CNN-5101 model detects safflower filaments with an
accuracy of 89.94%. The AP of safflower filament detection was 93.19% and 89.93% in the
opening and flower-shedding periods, respectively. The mAP was 91.49%. Compared with
Faster R-CNN, YOLOv3, YOLOv4, YOLOvV5, and YOLOV®6, the Faster R-CNN-5101 model
had a higher mAP by 9.52%, 2.49%, 5.95%, 3.56%, and 1.47%, respectively. Moreover, Faster
R-CNN-5101 can better recognize safflower filaments under different weather, light, and
shading conditions. Overall, the proposed method for safflower filament detection can
obtain a better mAP, and has better robustness.

In the next steps of this research, more types of safflower images will be collected to
increase the diversity of the dataset. Meanwhile, the Faster R-CNN model will be improved
and optimized according to the detection tasks in other scenes, leading to the expansion of
the Faster R-CNN-5101 model. In addition, there is a gap between the Faster R-CNN-5101
model and the one-stage object detection model in terms of detection speed. The above
issues will continue to be researched and explored in future research work.
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