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Abstract: Crop lodging is an important cause of direct economic losses and secondary disease
transmission in agricultural production. Most existing methods for segmenting wheat lodging areas
use a large-volume network, which poses great difficulties for annotation and crop monitoring in
real time. Therefore, an ultra-lightweight model, Lodging-U2NetP (L-U2NetP), based on a novel
annotation strategy which crops the images before annotating them (Crop-annotation), was proposed
and applied to RGB images of wheat captured with an unmanned aerial vehicle (UAV) at a height
of 30 m during the maturity stage. In the L-U2NetP, the Dual Cross-Attention (DCA) module was
firstly introduced into each small U-structure effectively to address semantic gaps. Then, Crisscross
Attention (CCA) was used to replace several bulky modules for a stronger feature extraction ability.
Finally, the model was compared with several classic networks. The results showed that the L-U2NetP
yielded an accuracy, F1 score, and IoU (Intersection over Union) for segmenting of 95.45%, 93.11%,
89.15% and 89.72%, 79.95%, 70.24% on the simple and difficult sub-sets of the dataset (CA set) obtained
using the Crop-annotation strategy, respectively. Additionally, the L-U2NetP also demonstrated
strong robustness in the real-time detection simulations and the dataset (AC set) obtained using the
mainstream annotation strategy, which annotates images before cropping (Annotation-crop). The
results indicated that L-U2NetP could effectively extract wheat lodging and the Crop-annotation
strategy provided a reliable performance which is comparable with that of the mainstream one.

Keywords: UAV; wheat lodging; lightweight; deep learning; improved U2NetP

1. Introduction

Wheat is one of the most widely cultivated crops in the world [1], and meets the
main food demand of over 3 billion people [2], providing protein and energy to nearly
20% of the world’s population. The stable production of wheat is of great importance to
food security. The lodging caused by various natural disasters and improper planting
poses a serious threat to food production. Lodging in the middle and late stages of wheat
growth even seriously affects the transportation of water [3] and nutrients, resulting in
reduced wheat yield [4] and quality [5,6], and even more indirectly affects the genetic
advancement of wheat [7]. However, quickly and accurately locating the location of wheat
lodging after disasters, extracting information of the lodging area, can provide data and
technical support for relevant departments and insurance claims [8]. Therefore, the efficient
detection of wheat lodging is of great significance for stabilizing global food security.

Remote sensing technology provides a promising tool to grasp timely, synoptic, and
repetitive information about the status of agricultural crops [9]. In numerous previous
studies, various types of remote sensing images have provided high-quality lodging infor-
mation such as RGB data [10], thermal infrared data [11], and spectral data [12]. Traditional

Agriculture 2024, 14, 244. https:/ /doi.org/10.3390/agriculture14020244

https://www.mdpi.com/journal/agriculture


https://doi.org/10.3390/agriculture14020244
https://doi.org/10.3390/agriculture14020244
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-3072-8954
https://doi.org/10.3390/agriculture14020244
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture14020244?type=check_update&version=1

Agriculture 2024, 14, 244

2of 16

remote sensing platforms for crop lodging detection mainly include near-ground, airborne,
and satellite remote sensing [13,14]. Hufkens et al. [15] used an inexpensive smartphone
to take a stream of images of individual small farmlands to quantify the important phe-
nological stages of crops and predicted lodging events. Based on manned aircraft, Gerten
and Wiese [16] analyzed the lodging-induced winter wheat yield reduction. Yang et al. [9]
proposed a polarization index method for crop lodging detection by utilizing the sensitivity
of the polarization characteristics of synthetic aperture radar (SAR) data to wheat lodging.
These studies have promoted the application of remote sensing for monitoring crop lodging.
However, the limited detection range of near-surface equipment, expensive data acquisition
costs for manned aircraft, and low temporal resolution of satellite images make it difficult
to promote these methods for real-time lodging detection [17].

In recent years, the development and application of Unmanned Aerial Vehicles (UAVs)
in smart agriculture have garnered extensive attention. UAVs have proven to be particularly
effective in weed mapping and management [18], vegetation monitoring [19], disease
detection [20], and various other agricultural technology applications. Compared with
traditional remote sensing platforms, UAVs offer a more conservative data source for
research on the innovation and application of various methods in precision agriculture,
being more flexible, controllable, and cost effective. Vélez et al. [21] utilized UAV images
to obtain a novel method for measuring the planar area and ground shadows of pistachio
trees, and the obtained rapid and low-cost canopy characterization can be used for accurate
information in management decision-making. Based on the UAV imagery, Matese and Di
Gennaro [22] obtained a novel index based on the geometric structure of the grape canopy,
which goes beyond traditional NDVI indicators, and based on this, obtained a flexible
global yield assessment model. Li et al. [23] obtained a clear corn canopy structure based on
drone oblique images, breaking through the complex and expensive traditional mapping
methods. Additionally, research on lodging detection has also made significant progress
with the aid of UAV images. Tian et al. [24] obtained multispectral and RGB images from
UAV platforms, extracted various features of rice crop, and established a rice lodging
detection model. Chu et al. [25] accurately extracted the corn lodging from UAV RGB
images based on optimal texture features. With the development of deep learning, more
deep-learning-based methods have been explored and applied for crop lodging detection.
At present, the data for crop lodging detection based on deep learning have gradually
developed towards multiple heights [26], growth stages [27] and image sizes [28]. However,
this trend means more data should be processed and analyzed. The models for lodging
detection are generally segmentation models, which require burdensome annotations and
often have a huge model volume with massive parameters. Therefore, the annotation
requirements and model size should be reduced to alleviate the research burden, making it
feasible for models to be deployed on edge devices for real-time lodging extraction.

Semantic annotations are often directly applied to complete images to obtain a la-
bel of the lodging area, non-lodging area, and background area in mainstream research
on lodging area segmentation [29]. The complete images are often images containing a
complete plot of a wheat field that are concatenated from multiple images captured by
a UAV camera. They often have a high resolution and contain rich information, which
greatly reduce the loading and processing speed of annotation software and cause visual
fatigue and errors for annotators. Shen et al. [30] also pointed out that, especially for
high-resolution remote sensing images, the memory limitations of processing equipment
necessitate downsampling or cropping after image annotation. However, downsampling
may result in image distortion, and cropping can lead to misjudgment in shallow networks
due to a lack of global information. Therefore, it is necessary to explore a new annotation
strategy to alleviate these two issues. UNet and its various variants have been widely used
in segmentation tasks in various complex scenes. Its ultra-lightweight variant U2NetP is
also being applied in multiple fields such as electricity meter detection [31] and ship draft
detection [32]. The network has achieved good results for the abovementioned tasks, but
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there is still room for improvement in crop lodging segmentation where more complex
features and unclear boundaries should be handled.

Therefore, the main objectives of this study were to (1) propose an ultra-lightweight
segmentation method for a wheat lodging area that combines an annotation strategy and
U2NetP based on UAV imagery, and to compare the performance with several classic
segmentation models; (2) simulate real-time detection tasks on the proposed model and
verify its robustness, and (3) verify the annotation quality of the Crop-annotation strategy
in datasets obtained using the Annotation-crop strategy.

2. Materials and Methods
2.1. Study Site

Runguo Farm (32°11" N, 119°40" E, WGS84) in Zhenjiang New Area, Zhenjiang City,
Jiangsu Province, China, was the study area (Figure 1). The area has a northern subtrop-
ical monsoon climate, with warm winters and hot summers, an annual precipitation of
700-2000 mm, and an average annual temperature of 13-21 °C. Conditions are eminently
suitable for wheat cultivation and production. The soil in this area is mainly yellow-brown
soil and paddy soil, and the planting wheat varieties are mainly the “Zhenmai” series. The
14,000 acres of wheat in this region are crucial for the basic food supply and economic
source of farmers in the area.

118° F'O"E 120° P'O"E 122° P'O"E

. | F— | F——
116" 0°0°E 118° 0°0°E 120° 0°0"E

Figure 1. The left side of image is geographical location of Runguo Farm, Zhenjiang New Area,
Zhenjiang City, Jiangsu Province, China, based on WGS84, and the right side of image is the field
area of this study.

2.2. Data Collection and Preprocessing

This study collected UAV images of the wheat lodging caused by dense planting and
strong winds (Beaufort Wind Scale 4-5 in the daytime) at the maturity stage (11:00-14:00 on
8 May 2022). The image is captured using DJI MAVIC AIR (DJI Innovation Technology,
Shenzhen, China) with flight altitude of 30 m, which is appropriate for capturing clear
images and has been widely used in prior similar studies [24,28,29] and speed of 1.5 m/s,
respectively. The spatial resolution of the altitude is 243.2 mm? /pixel. Forward and side
overlapping of the images were set at 85% and 75%, respectively. The shooting mode is
set to take photos at equal time intervals. All the adjustable parameters mentioned above
have been adjusted on site to minimize the impact of lighting and height on the obtained
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images, providing clearer and more usable images captured by drones for subsequent
models. During the noon of image capture, the weather was sunny and windless, which
met the requirements for UAV flight and image capture.

For image preprocessing, Agisoft Metashape 1.4.1 (Russia) software was used to con-
catenate UAV images and add control points in the middle to complete geometric correction.
WGS84 (ESPG::4326) and extrapolation were chosen as geographic and interpolation type,
respectively, when we built the digital elevation model (DEM). Also, we chose mosaic as
the blending mode to enable hole filling in image preprocessing. After cropping out the
experimental area, RGB images of 18 plots covering approximately 1.0 ha were obtained.
As shown on the right side of Figure 1, the image includes interference from trees, field
boundaries, and agricultural machinery operation traces.

2.3. Dataset Construction and Annotation

For dataset construction, two strategies were employed: the Crop-annotation strat-
egy and the Annotation-crop strategy. The procedure of the Crop-annotation strategy is
illustrated in Figure 2a. Firstly, the complete image of the wheat field obtained through
concatenation was cropped by a sliding window to the size of 512 x 512 pixels, which is
moderate and has been successfully applied in many models in previous studies. Then, we
annotated lodging in LabelMe 5.2.1 [33] for preparation of network training. The red color
represents the lodging area, and the black color represents the non-lodging area. Finally,
after deleting some samples that were fully lodging or non-lodging, and then data augmen-
tation, the Crop-annotation strategy resulted in a total of 10,460 images, constituting the
CA set. The data augmentation consists of random horizontal flipping, vertical flipping,
and viewing angles.

4  Deletion &
" | augmentation

= ; {b)

Figure 2. The (a,b) sides represent the procedure of producing CA set by Crop-annotation strategy
and AC set by Annotation-drop, respectively.

The procedure of the Annotation-crop strategy is shown in Figure 2b. In contrast to the
Crop-annotation strategy, the Annotation-crop strategy firstly annotated the mosaic images,
then cropped the RGB and annotation images into small ones with a size of 512 x 512 pixels.
The Crop-annotation strategy yielded a total of 3000 images, constituting the AC set, which
was only used for the test.

Table 1 describes the different datasets used in this research. In establishing the
training set, this study was inspired by [34] to improve model performance by adjusting the
proportion of positive and negative samples. In this article, we define images with more
than half and less than half of the lodging information as positive and negative samples,
respectively. To ensure an adequate representation of valuable lodging and interference
information in the training set, we manually adjusted the ratio of images with more than
half of the lodging area to those with less than half of the lodging area to approximately
5:3 before applying data enhancement. When preparing the test sets, this article proposed
a set of main design principles for simple and difficult datasets and divided multiple test
sets into simple and difficult sets accordingly. As shown in Figure 3A-D, the difficult set
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mainly consisted of several types of samples: (A) the area of lodging or non-lodging areas
in the image is small or scattered at the boundaries, (B) the degree of lodging area varies,
(C) each lodging area is compressed to form suspected strip-shaped lodging areas, (D) the
boundaries of the lodging areas are unclear due to factors such as similar colors to the
surrounding areas. Simple set shown in figures E-H in Figure 3 mainly consist of several
types of samples: (E,F) the image is clear and either lodging or non-lodging, (G,H) the
boundary between lodging and non-lodging is clear and the texture is distinct. On one
hand, the division verified the basic performance of the model in simple samples. On
the other hand, it aimed to ensure that the model can still guarantee efficiency in difficult
samples. Moreover, the principles can avoid having too many simple samples in the test
set, which could lead to an artificially high performance and affect researchers’ judgment
of model improvement.

Table 1. Dataset description.

Dataset Total Train Set Test Set
Normal setl Disturb set

CA set 10,460 8000 880 (Difficult) 760 (Simple) 660 (Difficult) 570 (Simple)
Normal set2 Normal set3

AC set 3000 / 3000 500 (Difficult) 500 (Simple)

Figure 3. Corresponding images of the main design principles of the difficult and simple set.
(A-D) are examples of the four design principles corresponding to the difficult set, and (E,F) and
(G,H) are examples of the two design principles for the simple set, respectively.

The following is the detailed description of every test set. The original test set in
the CA set consisted of 220 difficult samples and 190 simple samples. Normal setl was
obtained by performing the same data augmentation operation as the training set on the
original test set. The Disturb set was obtained by performing three data augmentation
methods on the original test set: light changes, construction of airborne foreign objects, and
motion blur.

In order to evaluate the annotation quality of Crop-annotation strategy and the ability
of the ultra-lightweight network, L-U2NetP, to extract fine-grained feature information,
this paper established a new test set using the Annotation-crop strategy. By extracting
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annotation points from Json files generated by annotation results, the number of annotation
points obtained using the Annotation-crop strategy in the same original complete image
was approximately 1.5~2.5 times of that obtained using the Crop-annotation strategy.
However, this fine-grained annotation greatly increases the training burden of the network,
and all networks mentioned in the article could not obtain usable models under the same
computing resources. Therefore, this dataset was only for testing purposes. Normal set2
contained all data of the AC set, while Normal set3 consisted of an equal number of difficult
and simple samples selected from it.

3. Methodology
3.1. Technical Workflow

Figure 4 shows the flow chart of the research method for the extraction of the wheat
lodging area. Firstly, UAV RGB images of the wheat lodging areas at the maturity stage
were collected. Secondly, the CA set and AC set were produced. Then, the L-U2NetP
network and other models were trained by the training set in the CA set. Finally, the
classic segmentation network SegNet [35] and UNet [36], U2Net, and U2NetP [37], which
are typical representatives of different depths and cascade modes in the UNet family of
networks, were selected as comparative models.

CA-set
Strategy: Crop-annotation
Training:8000

Data acquisition

Dataset Test:2460
Height:30m building Mo
SRS el Strategy: Annotation-crop
Test:3000

1 1
1 1
! |
! 1
! i
! i
1

! |
! i
' | -
1

'l UAV RGB images i
1

1 1
! |
! 1
! 1
! i
! 1
1

! i
1 1

U2NetP UNet
Network
comparison
U2Net SegNet

Figure 4. Research flowchart, including data acquisition, dataset building, network comparison, and
result evaluation.

3.2. DCA Module

Dual Cross-Attention (DCA) is a simple and effective attention module that can
enhance skip connections in U-structures for segmentation [38]. The DCA module consists
of three main sections, as shown in Figure 5. Firstly, it consists of patch embedding modules
of different scales. Then, DCA is implemented on the token obtained in the previous step
combining the Channel Cross Attention and Spatial Cross Attention modules with the
residual connection to capture the long-distance dependencies. Finally, these tokens are
serialized and upsampled using normalization layers and GeLU, connecting them to the
decoder counterparts. The DCA module can effectively extract the channel and spatial
dependencies between multi-scale encoder features to make up the semantic gap.
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Figure 5. The specific implementation steps and structural details of the DCA module.

3.3. Structure of L-U2NetP

U2Net was proposed for salient object detection (SOD). U2NetP is an improved version
of U2 Net, which further improves the segmentation performance and reduces inference
costs by reducing the parameters and computational complexity of the latter without
changing its network structure. As an improved version, the parameter counts and model
size of U2NetP are about 1/40 and 1/67 of U2Net, respectively. The smaller model size
reduces the requirement for storage and computing resources, allowing for faster loading
and adaptation to different platforms and device. Hence, this paper used U2NetP as the
main architecture. The following improvements are made, as shown in Figure 6:

1. CCA [39] was used to replace the large dilation rate convolution blocks and bottom-
most blocks of U2NetP. At the cost of ultra-lightweight computation and memory,
the CCA module modeled the correlations between the neighborhood features of
the full image. Compared with the original image, the CCA-enhanced feature map
could selectively aggregate context features through the attention feature map while
obtaining a larger context receptive field.

2. Asshown in the dark gray module in Figure 6, the DCA module was added to the
connection channels of each small-scale U-structure’s encoder and decoder, which
could make it simple and effective to enhance the skip connection in the structure.

3. All activation functions, ReLU, in U2Net were replaced by LeakyReLU [40] in L-U2NetP.
The ReLU is often used as an activation function in order to obtain a sparse network,
but with an ReLU, the dead ReLU problem was observed when the input data were
normalized [41]. The Leaky ReLU function can adjust the dead ReLU problem of
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negative values by assigning very small linear components of the input vector to
negative inputs.

—> v ? —=
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Figure 6. L-U2NetP network structure and output processing diagram.

3.4. Model Training

The model training was based on the Windows Server 2022 operating system. The
Python 3.10 programming language was adopted and PyTorch was used as the back end. It
runs under the Intel Xeon Gold 6130T processor, 128 GB video memory, NVIDIA GeForce
RTX4070 video card, and GPU (CUDA 12.1) environment. The models were trained to
obtain parameters for segmentation after initializing their parameters. Their training
parameters in the paper are shown in Table 2.

Table 2. Network model training parameter configuration.

Parameter Value
Batch size 8
Learning rate 0.001
Weight decay 0.0001
Input shape 512 x 512
Num classes 2

Epoch 80
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The Loss function used in training consists of two parts: Multi BCE Loss [37] and
Focal Loss [42]. Multi BCE Loss is often used in U2Net series networks which use Sigmoid
to classify pixels. The focal loss can dynamically adjust the cross-entropy loss based
on confidence, making the model training loss more focused on difficult cases, thereby
alleviating the problem of imbalanced positive and negative samples and differences. This
paper set the corresponding weight of each layer loss to 1 by observing the output of the
feature maps. Therefore, the formula of the Multi Focal Loss Ly is as follows:

N

Lyr = Z En + ‘:fuse 1)
n=1

&= —ar(1—py)'Igp:s 2)

where N represents the number of nested layers of L-U2NetP, and # represents the present
nested layer, ¢, and Gy, represent the m-th layer loss value and the loss value of the
fusion feature map, respectively; every focal loss ¢ is calculated by Formula (2), where
«; represents the weighted values of the positive and negative samples, p; represents the
classification probability for each category, r represents the weighted value of the sample
difficulty degree.

3.5. Evaluation Metrics

The evaluation metrics of the wheat lodging area extraction used here are the Accuracy,
F1, and IoU. The extraction results of the wheat lodging can be divided into TP, which is a
lodging feature detected correctly; TN, which is a non-lodging feature detected correctly;
FP, which is a non-lodging feature falsely detected as a lodging feature; and FN, which is a
lodging feature of wheat that is falsely detected as a non-lodging feature.

Accuracy is used to evaluate the global accuracy of the model.

TP+ TN

A =
CUrY = TP TN+ FP+ FN

)

Before calculating the other four evaluation metrics, in this article, we make improve-
ments to the calculation premise of them based on the task characteristics. Unlike other
segmentation tasks, the test set of the lodging segmentation task has a large number of
images without targets (lodging areas). TP is 0 when these images are predicted completely
correctly, which means that all metrics with TP as the product factor will also be 0. This will
greatly reduce the final average value of the metrics and affect the researcher’s judgment
on the performance of the model. Therefore, in this this paper, we propose that the other
four evaluation metrics should be included in the calculation of the final average value
only when the accuracy is 1 and the target image is not fully non-lodging, or the accuracy
isnot 1.

Precision represents the proportion of the number of pixels correctly extracted as the
wheat lodging area in the image to be tested.

TP

Precision = TP+ EP

(4)
Recall is the proportion of all the wheat pixels in the test set that are correctly recognized

as wheat lodging area pixels.

TP
Recall = m (5)

The F1 score is a harmonized average of precision and recall that is used to take into
account the performance of a classifier.

2 X Precision X Recall

F1
Precision + Recall

(6)
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IoU calculates the intersection ratio between the real lodging of the tag and the lodging

predicted by the system.
TP

~ TP+FP+FN @

The IoU reflects the coincidence degree between the predicted and the real values. The
closer the ratio is, the higher the degree of coincidence is and the higher the quality of the
semantic segmentation is.

IoU

4. Results
4.1. Performance of Different Models on CA Set

In order to accurately extract the lodging area of wheat, the L-U2NetP, U2NetP, U2Net,
UNet, and SegNet models were used to segment the UAV images of the wheat lodging.
In this part of the comparison, the above five models all used the training and test set in
CA set.

It can be seen from Table 3 that except for UNet, the accuracy of the other four models
on the simple and difficult set are over 94% and 87%. Compared with U2NetP, the Acc, F1,
and IoU values of L-U2NetP are 95.45%, 93.11%, and 89.15% higher on the simple set, and
95.45%, 93.11%, and 89.15% higher on the difficult set. Moreover, the network L-U2NetP,
which had the least parameters, outperformed multiple deep networks in all the evaluation
metrics, with both an advantage on the simple and difficult set.

Table 3. Segmentation performance of different models in Normal set1.

Simple Set Difficult Set
Model Parameters (Million)
Acc F1 IoU Acc F1 IoU

L-U2NetP 95.45% 93.11% 89.15% 89.72% 79.95% 70.24% 1.10
U2NetP 94.80% 91.97% 87.89% 87.83% 78.90% 69.23% 1.13
UNet 75.95% 73.01% 63.57% 66.18% 49.02% 36.41% 29.44
U2Net 94.61% 91.69% 87.62% 88.24% 78.06% 68.07% 44.01
SegNet 94.17% 91.16% 86.33% 88.57% 76.27% 65.65% 31.03

4.2. Comparison of Robustness of Different Models in Real-Time Detection Simulation

To simulate and assess the influence of factors such as changes in lighting, obstructions
caused by aerial foreign objects, and the motion blur of UAVs on the model during real-time
detection, the models were used to segment the dataset with designated data augmentation.
The Light set, Occlusion set, and Motion_blur set were created through adjustments in the
contrast and brightness changes, random occlusion, and mild blur, respectively.

As shown in Table 4, L-U2NetP, U2Net, and SegNet achieve an accuracy of more
than 85% in the simple set despite changes in lighting. On the difficult set, L-U2NetP
exhibits an increase of more than 11% in all the evaluation metrics compared to U2NetP.
As can be seen from Table 5, the influence of random occlusion on the difficult set is
more pronounced than on the simple set. Meanwhile, L-U2NetP still has certain accuracy
advantages compared with the other networks. As can be seen from Table 6, motion blur
has a significant influence on the lodging segmentation models. L-U2NetP achieves nearly
90% accuracy on the simple set, and performs significantly better on the difficult set than
other deeper and wider networks. The results verified the excellent robustness of L-U2NetP
in simulating the real-time extraction of wheat lodging.
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Table 4. Segmentation performance of different models in Light set.
Simple Set Difficult Set
Model
Acc F1 IoU Acc F1 IoU
L-U2NetP 85.96% 83.02% 77.97% 83.58% 69.42% 59.44%
U2NetP 73.84% 69.78% 64.36% 71.96% 55.70% 46.91%
UNet 73.56% 71.70% 62.49% 63.08% 49.58% 37.02%
U2Net 87.55% 86.30% 81.50% 77.89% 64.72% 55.27%
SegNet 85.49% 82.38% 76.03% 81.92% 69.21% 58.69%
Table 5. Segmentation performance of different models in Occlusion set.
Simple Set Difficult Set
Model
Acc F1 IoU Acc F1 IoU
L-U2NetP 94.13% 89.61% 84.55% 85.82% 72.93% 61.60%
U2NetP 93.42% 88.48% 83.46% 84.74% 73.82% 62.71%
UNet 72.48% 71.77% 60.53% 64.40% 49.63% 36.05%
U2Net 93.31% 89.70% 84.71% 85.55% 74.33% 63.27%
SegNet 91.16% 87.70% 81.63% 83.56% 72.26% 60.54%
Table 6. Segmentation performance of different models in Motion_blur set.
Simple Set Difficult Set
Model
Acc F1 IoU Acc F1 IoU
L-U2NetP 89.64% 88.38% 83.72% 75.16% 68.89% 58.24%
U2NetP 91.73% 89.63% 84.67% 82.57% 73.05% 61.99%
UNet 76.70% 76.37% 68.47% 60.41% 50.92% 38.83%
U2Net 85.49% 85.02% 79.04% 67.97% 63.42% 52.28%
SegNet 78.69% 74.75% 65.99% 75.87% 56.48% 44.68%

4.3. Comparison of Generalization Ability of Different Models on AC Set

The performance of the different models in the AC set is shown in Table 7 and Figure 7.
The accuracy of L-U2NetP and SegNet is greater than 90% on every set. However, the model
parameters of the L-U2NetP model are only 1/28 of the SegNet model, which showed a
significant lightweight advantage. Compared with U2NetD, L-U2NetP showed an accuracy
advantage of approximately 7% to 12% on the three datasets with a slight reduction in the
parameters. Overall, L-U2NetP outperforms the other models in the test set with a finer
annotation strategy than the training set.

Table 7. Accuracy of different models trained by CA set in AC set.

Models All Simple Difficult
L-U2NetP 91.67% 97.30% 90.63%
U2NetP 84.36% 85.53% 81.35%
UNet 61.89% 50.68% 63.49%
U2Net 87.93% 94.49% 85.89%

SegNet 90.98% 97.34% 90.53%
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(b)

Figure 7. Comparison of performance of different network models on AC set. From left to right are
(a) the original image, (b) annotated image, and the segmentation results obtained from (c) L-U2NetP,
(d) U2NetP, (e) UNet, (f) U2Net, and (g) SegNet.

5. Discussion
5.1. Comparison of the Proposed Method with Previous Crop Lodging Segmentation Methods Based
on RGB Images

Currently, more research on crop lodging extraction based on UAV RGB images
adopts deep learning methods based on the Annotation-crop strategy for lodging area
segmentation. Based on RGB images extracted from UAV multispectral images, SegNet
was used to predict sunflower lodging information, achieving an accuracy of 83.98% and
88.53% on two plots, respectively [43]. UNet was used to extract the rice lodging area
based on UAV RGB images, and a dice coefficient of 0.9442 was obtained [44]. In addition
to utilizing large-scale neural networks, there remain some studies that have achieved
promising results using a lightweight model based on the Annotation-crop strategy. Based
on UAV RGB images, a lightweight PSPNet was used to segment the wheat lodging areas
during the filling and ripening stages, with an accuracy of 89.32% [45]. The Mobile UNet
with only 1/3 of the original network parameters and fused data were used to segment
the wheat lodging area, achieving an accuracy of 88.99% [29]. However, its parameter
quantity still reached 9.49 million. The accuracy of the method proposed in this study
is comparable to previous methods and has shown an accuracy of over 90% on multiple
test sets. The ultra-lightweight model in this work only used the 1.10 million parameter,
which is far smaller than some existing segmentation models that can be used for real-time
detection [46,47], and demonstrated good robustness and generalization ability in various
test sets. However, we only used images of a single growth stage and height, while many
previous research methods have used deep learning with more dimensional data. Therefore,
the training samples used in this study are slightly smaller than those in previous studies.
Similarly, obvious ridge information should also be identified [29] or avoided [28] in the
detection of lodging areas. However, due to the dense planting of the experimental plot,
this article only obtained information composed of wheat and slight agricultural machinery
operation traces, as shown in Figure 1. So, this question has not been addressed.

5.2. Necessity of Model Robustness Testing in Real-Time Detection Simulation

This study used an ultra-lightweight network, L-U2NetP, to accurately segment wheat
lodging areas based on UAV imagery. One of the ultimate goals of network lightweighting
is to conveniently deploy it on various edge devices to complete various real-time tasks [17].
In fact, many previous studies have mentioned the importance of the real-time monitoring
of wheat [48] and the cost-effectiveness of RGB images [49] in this task. However, we have
found that many studies have not conducted real-time performance verification experi-
ments or simulations on segmentation models due to their large volume. However, the
model proposed in this article has made significant progress in terms of being lightweight
while ensuring a certain performance. Therefore, testing the possible influence of the
real-time detection status can effectively evaluate the problems that may arise in reality.
Light changes [50], obstructions caused by aerial foreign objects [51], and motion blur [52]
are three common and significant issues that can affect UAV imagery. It can be inferred
from the performance of the models in the Disturb set that these three issues have varying
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degrees of impact on the segmentation accuracy. However, the ultra-lightweight model
still shows reliable robustness while achieving a deeper networks” ability to extract and
learn crop lodging information.

5.3. Necessity of Using Crop-Annotation Strategy for Crop Lodging Extraction

According to the research of [28], it can be found that the appropriate size of the
input images will cause a certain improvement in the model performance. This means that
obtaining more information from the input image cannot be achieved solely by enlarging
the image size. Moreover, previous studies have found the importance of boundary [53]
and texture [54] features in lodging images. Compared with the target object in other
segmentation tasks, the structural and positional information of the lodging area is less
important. Therefore, directly annotating cropped images with a fixed size can make
annotators focus on local information which consist of boundary and texture information
that better meets the requirements of this task. Meanwhile, this strategy further alleviates
the problem of lagging annotation software caused by a large image size and high reso-
lution under certain hardware constraints [29], making the annotation process smoother.
And it can also alleviate the problem of image distortion caused by downsampling the
input [30]. The results showed that the new annotation strategy has a reliable quality
and the ultra-lightweight model based on it is capable of extracting fine-grained informa-
tion and achieving high-quality segmentation. However, although the task requires less
global features, the proposed annotation strategy results in annotators not being able to
grasp global information well during the annotation stage. This may require annotators
to compare cropped images with the original image in some blurry areas when using this
annotation strategy. Hence, this annotation strategy should also be combined with more
semi-automatic annotation strategies [55,56] to release more pressure on annotators.

5.4. Future Challenges

To cope with more complex application scenarios, it is necessary to obtain more UAV
imagery data of different-height cultivation techniques to further validate the method the
study proposed. Meanwhile, the temporal and spatial generalization abilities of models
for lodging detection is equally important, and more reproductive stages, areas of study,
or field conditions should also be considered [57]. In the future, more sophisticated
image processing techniques can be used to simulate the many problems that models may
encounter practically, in order to more realistically verify the model performance. Utilizing
these simulation methods, the model can not only benefit from augmented data, but can
better evaluate its feasibility in more complex application scenarios.

6. Conclusions

This paper presented an ultra-lightweight network, L-U2NetP, and a novel annotation
strategy for wheat lodging area extraction based on UAV imagery. And the model was
compared with the results from the U2NetP, UNet, U2Net, and SegNet models. The model
with only 1.10 M parameters, which is approximately 1/40 of U2NetP, 1/27 of UNet, and
1/28 of SegNet, exhibited an excellent performance in the following aspects.

1.  L-U2NetP achieved a segmentation accuracy of 95.45% and 89.72% on the simple and
difficult set with the same enhancement as the training set, which outperformed all
the other comparative networks.

2. In the real-time detection simulation test, L-U2NetP demonstrated accuracy rates of
85.96% and 83.58% on the simple and difficult sets, respectively, under changing light
conditions. Similarly, under aerial foreign object obstruction, the accuracy rates were
94.13% and 85.82% on the simple and difficult sets, respectively. When motion blur
was present, the accuracy rates stood at 89.64% and 75.16% on the simple and difficult
sets, respectively. L-U2NetP outperformed the other models in the majority of the
evaluation metrics and showed strong robustness on the above simulation.
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3. Compared with the U2NetP network, the accuracy improved by 7.31% using L-U2NetP
on the test set obtained by the Annotation-crop strategy. The results indicated that the
L-U2NetP can effectively extract lodging areas and the novel strategy was reliable.

In this study, the proposed method outperforms multiple models previously used
in the field of wheat lodging detection in terms of their light weight. The accuracy and
robustness of the model have also been fully validated. In addition, the proposed novel an-
notation strategy also provides new annotation ideas for this work or similar works. Above
all, the method we proposed has good potential for use in the detection of wheat lodging.
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