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Abstract: Accurate wucai seedling segmentation is of great significance for growth detection, seedling
location, and phenotype detection. To segment wucai seedlings accurately in a natural environment,
this paper presents a lightweight segmentation model of wucai seedlings, where U-Net is used
as the backbone network. Specifically, to improve the feature extraction ability of the model for
wucai seedlings of different sizes, a multi-branch convolution block based on inception structure is
proposed and used to design the encoder. In addition, the expectation “maximizationexpectation”
maximization attention module is added to enhance the attention of the model to the segmentation
object. In addition, because of the problem that a large number of parameters easily increase the
difficulty of network training and computational cost, the depth-wise separable convolution is applied
to replace the original convolution in the decoding stage to lighten the model. The experimental
results show that the precision, recall, MIOU, and F1-score of the proposed model on the self-built
wucai seedling dataset are 0.992, 0.973, 0.961, and 0.982, respectively, and the average recognition time
of single frame image is 0.0066 s. Compared with several state-of-the-art models, the proposed model
achieves better segmentation performance and has the characteristics of smaller-parameter scale and
higher real-time performance. Therefore, the proposed model can achieve good segmentation effect
for wucai seedlings in natural environment, which can provide important basis for target spraying,
growth recognition, and other applications.

Keywords: wucai seedling segmentation; multi-branch convolution block; attention mechanism;
lightweight model

1. Introduction

Wucai (Brassica campestris L. ssp. Chinensis var. rosularis Tsen), as an important
autumn and winter vegetable plant, belongs to a variant of nonheading Chinese cabbage in
the Brassicaceae family [1]. This plant is widely cultured in most parts of China, especially
in the Yangtze-Huaihe River Basin, and has become increasingly popular in other countries
for its beautiful shape and significant levels of vitamins and minerals [2]. The rapid
development of vegetable industry has met the needs of people’s daily life, but in the
process of wucai production, there are still some problems such as weeds that reduce
the yield and diseases that decrease quality of vegetable. Therefore, it is increasingly
demanded for targeted spraying [3], mechanical weeding [4], growth measurement [5], and
a series of means to improve the wucai yield and safety quality of wucai. To enhance the
feasibility and effectiveness of these technologies, it is necessary to segment wucai plant
seedlings accurately.

In recent years, along with advancements in machine vision systems, several ap-
proaches using image processing for segmenting plants from the background precisely
have been studied [6,7]. Among them, the use of color indices is a common method for
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plant segmentation [8], where the RGB (Red Green Blue) color space is first converted
into an alternative color space to highlight the green plant pixels, and then, a threshold
is used to segment the plants. Liao et al. [9] constructed a color-index 2Cg-Cb-Cr in the
YCrCb color space for image graying and applied an improved Otsu method to segment
rice seedlings in the obtained gray image. Riehle et al. [10] presented a combination of
color-index-based method for pre-segmentation and used the pre-segmentation results
to calculate the threshold value for a final segmentation in HSV color space and CieLab
color space. Color-index-based methods are sensitive to color variations introduced by
the capture conditions, such as outdoor illumination and weed, although color is the most
direct information to distinguish plants and the background of the images. Moreover, the
color-index-based methods with manual threshold optimization cannot achieve the desired
segmentation result.

In order to overcome the disadvantage of color-index-based methods, researchers have
applied other cues, including shape and texture, to accurately separate plants from the
background. Bakhshipour et al. [11] extracted four shape factors, namely area, perimeter,
and major and minor axis length values of each plant from binary images, integrated these
shape features to establish a pattern for each variety of the plants, and then detected crops
and weeds based on their pattern and the pattern recognition methods, such as support
vector machine and artificial neural networks. Zou et al. [12] proposed a segmentation algo-
rithm of broccoli seedlings based on color-texture features where gray-level co-occurrence
matrix (GLCM) was used to extract five texture features, including contrast, dissimilarity,
homogeneity, energy, and correlation. Although plant segmentation by means of texture
and shape analysis can obtain good segmentation results in a complex environment, they
require additional computational costs, and those features such as texture and shape are
not very stable and significant if there is occlusion or leaves overlapping. Furthermore,
these previous studies on plant segmentation utilized handcrafted, low-level features such
as color, shape, and texture to quantify the pixel character of plants, and their success
depended on some theoretical knowledge of botany and crucial parameters. In practice,
these methods were of limited value and may therefore not be suitable for real applications.

With the improvements in computer calculation speed, deep learning has developed
rapidly in recent years, and the results of plants segmentation are better than those of the
above-mentioned traditional methods. Gong et al. [13] used the U-Net codec network [14]
as the backbone network and constructed a semantic segmentation model of early-stage
in-bag rice root under strong noise, in which the ResNet module [15] and squeeze-and-
excitation (SE) block [16] were embedded into the skip connection layer to make the gradient
more convenient to spread layer by layer. The model can achieve better segmentation
performance compared with the classical Otsu method and the U-Net. To study the
plant leaf phenotype of overlapping poplar seedling leaves under heavy metal stress, Liu
et al. [17] proposed an accurate automatic segmentation method, which combined mask
R-CNN [18] with density-based spatial clustering of applications and noise (DBSCAN)
clustering algorithm [19] based on depth information, and the proposed method can
automatically detect leaves with high accuracy. Wu et al. [20] used an unmanned aerial
vehicle equipped with red-green-blue camera to acquire field images of rice seedlings
and constructed a recursive segmentation network based on a deep fully convolutional
neural network to regress the density map and count rice seedlings. The application of
deep learning technology to plant seedling images can undoubtedly achieve better results.
However, because of different amounts of water, light, nutrients, etc., absorbed by different
wucai seedling plants, the size and shape of plants is likely to be inconsistent, and the
feature information of small-sized seedling plants is not easy to be learned by network
compared with large size plants, especially edge information. In addition, for most semantic
segmentation networks, the accurate segmentation requires a large amount of training data.
Therefore, it is necessary to apply a network that can perform well on a small dataset for
the accurate segmentation of wucai seedlings and not only to extract multi-scale features
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of wucai seedlings but also to pay more attention to the segmentation target from a large
amount of information.

To develop a segmentation method based on deep learning for segmenting wucai
seedlings, this study chose the U-Net as the backbone because the U-Net has good per-
formance in semantic segmentation tasks, and the number of training samples of U-Net
is relatively small [21]. In view of the wucai seedlings with different sizes and shapes,
the encoder of the U-Net is improved to expand the model width and enhance the ability
of extracting features with different scales. Besides, the attention mechanism is added
before the decoder to make the segmentation model pay more attention to wucai seedlings,
and a lightweight decoder unit is built to reduce the computational cost and number of
parameters. Thus, the results show that the proposed segmentation model could accurately
segment wucai seedlings from images.

2. Materials and Methods
2.1. Image Collection

Images of wucai seedling used in this study were captured using a Canon EOS
850 camera in September, in the Agricultural Research Park of Anhui Agricultural Uni-
versity, which is located in Anhui province, China (30.57 N, 117.01 E). The camera was
500-900 mm above the field surface during image capture. To improve the adaptability of
the segmentation model, the image-taking process was randomly arranged on the farmland
of the experiment sites and under different lighting conditions.

A total of 436 images were captured. The acquisition format was RGB images. The
resolution of original image is 3648 x 2736, which is much larger than input image size
of the U-Net. The high resolution of the original image could increase the difficulty of
network training and lead to excessive use of GPU memory and training failure. To avoid
this situation, the acquired wucai seedling images were scaled to reduce the resolution
to 512 x 512.

2.2. Image Augmentation and Annnotation

The ground truth (GT) images of semantic segmentation model are pixel-to-pixel
labeled. To obtain the labeled samples, the LabelMe software is used to manually annotate
the semantic labels of each pixel in wucai seedling images with two separate categories:
wucai seedlings and background, as shown in Figure 1. The areas containing wucai seedling
is marked as white, and the background area is marked as black. The obtained GT images
were used to train the model with the training dataset and calculate the performance with
the validation dataset and test dataset. The training dataset and validation dataset were
randomly allocated in a ratio of 7:2 for RGB seedling images, and the remaining images
were used as a test set to evaluate the segmentation performance and robustness of the
proposed segmentation model. The data sample included GT images and RGB images.

The training of a deep neural network needs a large number of images. To increase
the amount of image data to better improve the robustness of the model and obtain
stronger generalization capabilities, the common methods of data augmentation, including
brightness enhancement, flip, and rotation, were applied to the training dataset, validation
dataset, and test dataset to generate additional new images. After data augmentation, it
is expanded from the original 436 images to 2180. Figure 2 is the effect image after data
augmentation. Figure 2b,c have different brightnesses from the original image, which are
obtained by brightness enhancement and brightness reduction, respectively. Figure 2d,e
shows new images using flipping vertically and horizontally, respectively.
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(b)

Figure 1. Original wucai seedling image and annotated image. (a) Original wucai seedling image
samples with different scales; (b) annotated image.

(c)

Figure 2. Wucai seedling images after data augmentation. (a) Original image; (b) brightness enhance-
ment; (c) brightness reduction; (d) horizontal flip; (e) vertical flip.

2.3. Wucai Seedling Segmentation Model Design

Convolutional neural networks (CNNs) have been widely developed in pixel-level
images and many famous networks are based on CNNs. The U-Net used as the backbone of
our segmentation model in this paper is a kind of CNN with a U-shaped structure based on
encoder—decoder, which extracts features of the input image through convolution, pooling,
and other operations and restores the image resolution by deconvolution operation. The
U-Net has achieved good performance on semantic segmentation of different applications,
and the number of train samples for U-Net is relatively small, but the U-Net model can
only predict on a single scale [22], which cannot solve the problem of the size change
of wucai seedlings, making the edge of image segmentation not smooth. On the other
hand, previous research has shown that a small number of convolutional layers could
extract simple image features, while using serial convolution block structures with different
numbers of filters can obtain higher-level image features. [23,24]. Applying a large number
of serial convolutional blocks to deepen the convolutional neural network easily makes
model complexity increase and leads to data overfitting significantly although it can
increase the dimension of feature information.

Based on this, to improve the performance and multi-scale adaptability of the network
for wucai seedling segmentation, we embedded the multi-branch convolution module,
expectation maximization attention (EMA) module [25], and depth-wise separable con-
volution block [26] into the backbone U-Net network. Figure 3 gives the architecture of
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our segmentation model for the wucai seedlings. As shown in the figure, the multi-branch
convolution module is built and introduced into the encoder to train a deep-wide network,
and the EMA module is put between the encoder and decoder to make the network pay
more attention to the wucai seedling region through the attention mechanism. In view of
improving the optimization speed of the network, depth-wise separable convolution is
used to replace the original convolution block in the decoding stage.

J L )

| Convolutional

block

Y Y
Encoder Decoder

Max-poolin | Multi-branch Upsamolin | Concatenation
pooting | convolution block | Upsampiing J layer

Expectation maximization attention [D Depth-wise separable convolution block

Figure 3. The architecture of the proposed segmentation model.

2.3.1. The Encoder Structure

In this study, the backbone of the network is the U-Net codec network, and the encoder
is mainly used to extract image features, which consist of the repeated two convolution
layers followed by a max-pooling layer for downsampling. To enhance the robustness of
segmentation model to the size diversity of wucai seedlings, multiscale feature extraction
is the key concern in the encoder design. It is well-known that the width and depth
of convolutional neural networks are important indexes that affect the performance of
convolutional neural networks, and multi-branch convolution block can widen the neural
network and be beneficial to multiscale feature extraction. To increase the depth and width
of the network, Szegedy et al. [27] proposed the inception module, which is a multi-branch
learning structure and contains multiple convolutions with different kernel sizes. It learns
the feature information of different scales through concatenating the outputs of different-
sized filters, including 3 x 3,5 x 5,and 7 x 7. Compared with the 3 x 3 convolutional layer,
the convolution with a larger spatial filter (e.g., 5 X 5 or 7 x 7) can obtain the dependence
between signals further away in the earlier layers, but it could result in the increase of the
computational cost [28]; e.g., a 7 x 7 convolution with n filters is 49/9 = 5.44 times more
computationally expensive than a 3 x 3 convolution with the same number of filters.

On this basis, we build a multi-branch convolution module (named MBC) based
on the inception structure, as shown in Figure 4, where two layers of 3 x 3 convolution
layers are used to replace the 5 X 5 convolution in the original inception module, and the
7 x 7 convolution is replaced by three layers of 3 x 3 convolution layers. The multi-branch
convolution module is applied to build the encoder part, which has the same receptive
field as in the original inception module and fewer parameters. Table 1 gives detailed
information about the encoder construction. Considering thata 1 x 1 convolution in MBC is
used for dimension reduction, the first stage of the encoder is the same as that of the original
U-Net encoder, and the convolution layers at other stages of the encoder are replaced by
the MBC. In addition, we put the depth-wise separable convolution block after the MBC
output of the encoder’s fifth stage to enhance the feature extraction ability of the encoder.
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Compared with the convolutional blocks of the original U-Net encoder, the improved
encoder in this study can deepen and widen the network structure without increasing the
computation parameters. In addition, the multi-branch convolution architecture implied
by the MBC can extract and fuse the features of different receptive fields, achieving feature
extraction of wucai seedlings of different sizes. Therefore, the network encoder constructed
by multi-branch convolution modules can effectively improve the robustness of multiscale
feature extraction and the segmentation performance.

Conv-1x1

v ‘

[Max-pooling] [Conv-3><3]

v v
(Conv-3x3) (Conv-3x3)

A

Conv-3x3

Y

[ Concatenate}

Figure 4. The structure of multi-branch convolution module.

Table 1. Detailed information of the encoder.

Stage Layer Filter Size Stride Output Size
Conv + BN + ReLu 3x3 1 512 x 512 x 32
Stage 1
Conv + BN + ReLu 3x3 1 512 x 512 x 32
Maxpooling 2x2 2 256 x 256 x 32
Stage 2
MBC — 1 256 x 256 x 64
Maxpooling 2x2 2 128 x 128 x 64
Stage 3
MBC — 1 128 x 128 x 128
Maxpooling 2x2 2 64 x 64 x 128
Stage 4
MBC — 1 64 x 64 x 256
Maxpooling 2x2 2 32 x 32 x 256
MBC — 1 32 x 32 x 512
3x3
Stage 5 Depth-wise_Sep_Conv I 1 32 x 32 x 512
X
3x3
Depth-wise_Sep_Conv —_— 1 32 x 32 x 512

1x1
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2.3.2. Expectation Maximization Attention Module

Attention mechanism, widely used for segmentation tasks, is essential to make the
segmentation model pay different attention to different parts of input images and select
feature information that is more critical to the current task, thus significantly improving
the performance of the network. To make the segmentation model pay more attention
to wucai seedlings, we add the EMA module after the last depth-wise separable convo-
lution and before the input of the decoder, which is beneficial to the extraction of wucai
seedling features.

The structure of the EMA module is shown in Figure 5, which consists of three opera-
tions, including responsibility estimation, likelihood maximization, and data re-estimation.
The EMA computes attention maps from the perspective of expectation maximization, and
iteratively estimates a much more compact set of bases upon the attention maps [29]. The
EMA input is a feature map denoted as X € RN*C, where N is the product of the length
and width of the feature map X, and C is the number of channels. Given the initial bases
u € REXC the responsibility estimation operation is used to estimate the responsibility
Z € RN*K which is applied to update the base p through the likelihood maximization
operation. The converged Z and p are obtained by executing the responsibility estimation
and likelihood maximization operations alternately for a pre-specified number of iterations.
Based on the EM algorithm, the estimated responsibility of the -th iteration is defined as:

z® = softmax(AX(utfl)T) 1)

where A is a hyper-parameter to control the distribution of Z.

Basses H
Responsibility
Cloflv - estimation //
Input Data ‘ Output
an | re-estimation feature
X | Likelihood X’

maximization

Attention maps Z

Figure 5. EMA structure diagram.

Let the responsibility of the k-th basis y to x,, be z,;, where 1 <k < Kand 1 <n < N.
Hence, in the t-th iteration, y]t{ is calculated as:

O]

y(t) _ Znk Xn
R i
Nzt

After obtaining the converged Z and u, the data re-estimation reconstructs the original
X as X’ and outputs it, where the output feature map X' is formulated as:

@)

XI — ZT uT (3)

According to the above description, the feature map X' is the enhanced X, and it has
more detailed feature information in the feature space. Hence, the EMA module is applied
before the decoder input, which is helpful for the encoder to obtain more detailed features,
especially the edge characteristics of wucai seedlings of small size, thus improving the
performance of the segmentation model.
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2.3.3. Lightweight Decoder Structure

The U-Net consists of an encoder that extracts features and a decoder that gradually
recovers the spatial information and generates pixel-level probability distributions. To
obtain more feature information, the concatenation operation is applied in both the encoder
and decoder to fuse high-level and low-level image features. Nevertheless, previous
work shows that the layer-by-layer upsampling can increase the complexity of model and
generate a large number of parameters. Therefore, in order to reduce the computation cost
and number of parameters while maintaining similar performance, we replace traditional
convolutions of the decoder with the depth-wise separable convolutions.

Figure 6 shows a comparison between a standard convolution and the depth-wise
separable convolution. Different from traditional convolution, the depth-wise separable
convolution factorizes a standard convolution into a depth-wise convolution and a point-
wise convolution, and batch normalization (BN) and a rectified linear unit (Relu) are
employed after each depth-wise and point-wise convolution. The basic idea behind depth-
wise separable convolution is that a spatial convolution independently for each input
channel through the depth-wise convolution, while the point-wise convolution is used to
combine the output from the depth-wise convolution. Based on the structures of standard
convolution and the depth-wise separable convolution, comparative calculation of the
number of parameters is defined as:

KiK,Cr + C1C, . 1 1

-t 4
KiK,CiCo G T KK @)

where K; and Kj are the width and height of convolution kernels, respectively; C; and C,
are the channel numbers of the input and output feature maps, respectively. As shown in
Equation (4), it is noted that the depth-wise separable convolution can significantly reduce
the computation complexity.

fffffffffffff o i

{ Conv-3x3 } !

| BN+Relu | | Point Conv-1x1
3 BN+Relu
Standard
convolution block T i ””””””””

Depthwise
convolution block

Figure 6. The details of a standard convolution and depth-wise separable convolutional block.

2.3.4. Loss Function

The design of loss function can impact on the performance of the network. For the
training loss of the proposed segmentation model, we design a composite loss function
formulated as follows:

Lseg = Liniou + Laice ®)

where L,;;,, is the MIOU loss function, and L ;. is the Dice loss function based on Dice
coefficient. The MIOU loss function, constructed based on the principle of mean intersection
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ratios, is used to compare the similarity between the ground truth and the predicted results.
The calculation is as follows:

Ym&m
Lypiow = 1 — (6)
’ mg\] Ym +gm — Ym8m

where N is the set of all the pixels of the image, and m is the pixel index. y,is the predicted
value of pixel “m”, and g, is the ground truth value of pixel “m”.

The Dice loss function L., is adopt to balance the imbalance between the wucai
seedling area and the background in the image, which is calculated based on Dice coefficient
as follows:

Liice = — ) [gm10g(ym) + (1 — gm) log(1 — ym)] @)

meN

3. Results
3.1. Experimental Setup and Evaluation Metrics

The server environment for network training uses Windows 10 and python 3.6 to train
and test the model under TensorFlow 2.0.0. The server is equipped with NVIDIA Quadro
P2000 graphics cards with 5 GB of video memory for acceleration.

In the experiment, the adaptive authorization mechanism was used for model opti-
mization. The initial learning rate was set to 0.001, the batch size was set to 2, and the
segmentation model was trained with 200 iterations. The wucai seedling dataset was
used to train and test the model, and the wucai seedling area were segmented by the
segmentation model.

To evaluate the segmentation results, we adopt the precision, recall, MIOU, and
Fl-score as evaluation indicators, which are defines as follows:

Precision = 7TPE)FP ®)
Recall = 7TPF£—PFN )
MIOU = % (10)
Fl1 = % (11)

where the TP, FP, and FN denote the true-positive, false-positive, and false-negative
measurements.

3.2. Influence on MBC and EMA

We investigated the performance of different modules in the proposed model using
the U-Net as the backbone network design. Table 2 shows the precision, recall, MIOU, and
F1-score indicators obtained with different modules, including MBC and EMA, described
in the manuscript. From the table, the combination of MBC and EMA modules achieves
the best segmentation performance for wucai seedlings in terms of the recall and MIOU as
well as Fl-score although the precision is relatively lower than that of U-Net with MBC
and U-Net with EMA. By contrast, the single U-Net performs the worst in terms of all
the evaluation measures, i.e., lower than U-Net with MBC by approximately 2.32% and
3.15%, respectively, in terms of precision and MIOU. This may be because the MBC module
can widen the network and learn discriminative features for multi-size segmentation
targets. Besides, by adding the EMA module to the connecting part of the encoder and
decoder of the U-Net, the edges and more detail features of the wucai seedlings can be
better transmitted. Using the design of combining MBC and EMA yields much better
performance than the U-Net with MBC in recall, MIOU, and F1-score indexes, indicating
the power of the EMA attention module.
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Table 2. Comparison of evaluated indicators of the combination of different modules.

Precision Recall MIOU F1
U-Net 0.970 0.951 0.922 0.960
U-Net + MBC 0.993 0.955 0.952 0.974
U-Net + EMA 0.995 0.954 0.954 0.969
Ours 0.992 0.973 0.961 0.982

3.3. Comparison of Different Segmentation Models

In order to verify the segmentation performance of the proposed segmentation model
in this study, we compared the segmentation results of the proposed model with the
other four segmentation models, namely U-Net, SegNet, PSPNet, and DeepLabV3. In
the comparison experiment, the same dataset and loss function mentioned above were
used for five segmentation models, and the evaluation indexes introduced in Section 3.1
were applied to examine the segmentation models. The segmentation performances of the
different models are shown in Table 3.

Table 3. Segmentation performance of different segmentation models.

Model Precision Recall MIOU F1
U-Net 0.970 0.951 0.922 0.960
PSPNet 0.983 0.861 0.859 0.917
SegNet 0.993 0.954 0.951 0.973
DeepLabV3 0.996 0.938 0.942 0.965
Ours 0.992 0.973 0.961 0.982

From Table 3, it can be seen that the performance of the proposed model is significantly
better than that of the other four models for the segmentation of wucai seedling areas.
Comparatively, the precision, recall, MIOU, and F1-score of the proposed model are 0.992,
0.973, 0.961, and 0.982, which are higher than U-Net by approximately 2.2%, 2.2%, 3.9%,
and 2.2%, respectively. Compared with the U-Net, the precision of PSPNet is slightly better,
but the other three evaluation indicators are lower. For SegNet and DeepLabV3, they
perform better than U-Net and PSPNet, but they are still not comparable to the proposed
model, with only precision slightly higher than the proposed model. The biggest difference
is recall value, where the proposed model is 3.5% higher than DeepLabV3 and 1.9% higher
than SegNet. The experiment results indicate that the design of encoder and attention
mechanism in the model can promote the model to focus on some regions of interest or
significant regions and learn more details in the training process, thus being superior to the
other four models in the evaluation for the task of wucai seedlings segmentation

In addition, several images were randomly selected from the test set for detailed
comparison, and the visual comparisons of segmentation results using these five models
are presented in Figure 7. All the images in the first and second rows are the original
images to be detected and the annotated images, respectively, and the following are the
final prediction results of each model. It is observed that the proposed model can accurately
segment wucai seedlings of different sizes and shapes under different illumination. This is
because the proposed model used the multi-branch convolution module as a convolution
block in the encoder and can learn features of wucai seedlings of different sizes, and
the EMA module allows the model to learn more detail features, thereby filtering out
the complex interference information of background and obtaining a good segmentation
performance in the wucai seedling segmentation tasks. However, compared with the
proposed model, the U-Net, SegNet, PSPNet, and DeepLabV3 models are too coarse for
edge segmentation of wucai seedings, with especially poor adaptability to different sizes
and shapes as well as different illumination. As shown in Figure 7e, the U-Net, SegNet,
PSPNet, and DeepLabV3 models all incorrectly predict many of wucai seedling pixels as
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Figure 7. Segmentation results of different models; the images (a—f) are randomly selected from the
test set.

Moreover, we also evaluated the complexity requirements of the segmentation models
and the time required to successfully complete their execution, where the params, flpos,
and macc are used as complexity evaluation indicators. Params indicates the number of
parameters of the network. Flops refers to the computation of floating-point operation, and
macc is multiply-accumulate operations, which are applied to measure the computational
complexity of the network. The complexity requirements of the five segmentation models
the proposed model and U-Net, SegNet, PSPNet, and DeepLabV3 are shown in Table 4.
From the table, the proposed model has fewer parameters and the lowest computational
complexity compared with the other four models. A total of 2.465394 x 10° network
parameters are for the proposed model, while that of the original U-Net is 8.027783 x 10°.
Further, the average recognition time of a single-frame image of the proposed model is
0.0066 s, which is lower than that of other segmentation models. It is indicated that the
proposed model has the characteristics of smaller-parameter scale and higher real-time
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performance. Compared with other models, the proposed model is a lightweight model that
is suitable for intelligent agricultural equipment with limited hardware system resources.

Table 4. Comparison of complexity requirements of different models.

Params Flops Macc Time (s)

U-Net 8,027,783 51.03 101.83 0.0196
PSPNet 46,706,626 59.11 810.69 0.0804
SegNet 29,444,162 160.68 321.0 0.0570
DeepLabV3 5,813,266 39.87 79.54 0.0158
Ours 2,465,394 14.6 29.08 0.0066

4. Conclusions

In this study, we have proposed a pixel-level segmentation model based on deep
learning for wucai seedlings. Firstly, the proposed model is the backbone design of U-Net,
and the encoder was equipped with a multi-branch convolutional block, thus improving
the feature extraction ability of the model for wucai seedling of different sizes. The in-
troduction of the expectation maximization attention module after the encoder can pay
more attention to the segmentation target and reduce the extraction of background infor-
mation, which can improve the precision of the model. Besides, a lightweight decoder
based on the depth-wise separable convolution was designed to reduce the network pa-
rameters and increase the training speed. Experiments delivered on the wucai seedling
image dataset have shown that the proposed model has a good segmentation outcome
for wucai seedlings. The precision, recall, MIOU, as well as Fl-score index were chosen
to evaluate the model performance. The final test set scores were 0.992, 0.973, 0.961, and
0.982, respectively. Moreover, the average recognition time of a single-frame image of
the proposed model is 0.0066 s. Furthermore, compared with U-Net, SegNet, PSPNet,
and DeepLabV3, the proposed model is a lightweight model and has better segmentation
results for wucai seedlings of different sizes and shapes, which provides object support
toward the target spraying, growth recognition, and other applications and is suitable for
intelligent agricultural equipment with limited hardware system resources.
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