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Abstract: In response to the issues of missed detection, false positives, and low recognition rates for
specific weed species during weed detection, a YOLOv8-based improved weed detection algorithm
named EDS-YOLOV8 is proposed. Improvements were made in three main aspects. First, the YOLOv8
backbone network was enhanced with EfficientViT and RepViT architectures to improve the detection
capability of dense-type weeds. Second, different attention mechanisms were added, such as SimAM
and EMA, to learn 3D weights and achieve full fusion of features. BiFormer was introduced for
dynamic sparse attention and resource allocation. Third, significant module improvement involved
introducing dynamic snake convolution into the C2f module to further enhance detection capabilities
for deformable objects, especially needle-shaped weeds. The improved model is validated on the
established weed dataset. The results show that combining the original backbone network with
dynamic snake convolutions yields the highest performance improvement. Precision, recall, mAP
(0.5), and mAP (0.5:0.95) are improved by 5.6%, 5.8%, 6.4%, and 1%, respectively, and ablation
experiments on the effects of the three improvement methods on model performance show that
using EfficientViT as the backbone network while simultaneously improving the crucial module and
adding the SimAM attention mechanism effectively enhances the model’s performance. Precision,
recall, mAP (0.5), and mAP (0.5:0.95) are improved by 6%, 5.9%, 6.4%, and 0.7%, respectively.

Keywords: attention mechanism; weed detection; YOLOvV8

1. Introduction

In 2015, the R-CNN [1] algorithm was proposed. Target detection algorithms ush-
ered in a revolutionary development, from traditional target detection into the stage of
deep learning. A series of algorithms such as AlexNet [2], VGG [3], GoogLeNet [4], and
ResNet [5] have been proposed. In 2015, R. Girshick et al. proposed the Fast R-CNN [1]
algorithm, which uses a method such as SS (selective search) to generate candidate boxes
and then maps candidate regions of different sizes into a fixed-size feature map via Rol
(Region of Interest). Ren et al. proposed Faster R-CNN [6], which introduces a RPN
(Region Proposal Network) to realize target localization and detection. In 2016, Redmon
et al. proposed the YOLOV1 [7] algorithm, and the target detection algorithm moved from
a two-stage to a single-stage development direction. In 2017, Redmon et al. proposed
YOLOV2 [8], and in 2018, Redmon et al. proposed YOLOV3 [9]. Since then, the YOLO series
of algorithms has gone through the iterations of YOLOv4 [10],YOLOvS5 [11],YOLOV6 [12],
YOLOV7 [13], YOLOVS8 [14], and the latest version, YOLOV9 [15].

Weeds represent one of the most significant threats to crop growth, acting as a major
factor limiting crop yield. They interfere with the growth process in several ways: 1. Weeds
compete with crops for essential resources such as nutrients and light, diminishing the
available supply for crop plants [16]. 2. Moreover, weeds can serve as carriers for parasites
and pathogens, facilitating the spread of pests and diseases within farmland. The extensive
growth of weeds can occupy valuable space meant for crop growth, impeding the water
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absorption of crops during irrigation. This, in turn, leads to reduced crop production
due to water scarcity. 3. Certain weed species produce toxic seeds that pose a risk to
human and livestock health if ingested accidentally, thereby threatening human safety.
Given these challenges, weed control is an indispensable step in agricultural production.
Currently, mainstream weed control methods include artificial weeding, which is labor-
intensive and suitable primarily for small-scale fields; chemical weeding, which involves
the indiscriminate spraying of herbicides, enabling its use in large areas but causing
environmental, soil, and water pollution [17]; mechanized weeding, which offers high
efficiency and is well suited for large-scale operations; and biological weeding, which
utilizes fungi and bacteria to suppress weed growth, presenting an environmentally friendly
option [18]. However, it can lead to the development of resistance, and its efficacy may vary.
Each method has its advantages and limitations, and the choice of weed control approach
depends on various factors such as crop type, field size, and environmental considerations.

Many scholars have achieved a lot of results in the research of deep-learning-based
weed detection methods. Yuan Tao et al. [19] proposed a YOLOv4-based weed detection
algorithm for paddy fields, which uses an inverse residual network to reduce the number
of parameters, k-mean [20] to aggregate the a priori frames, and GAN to add noise to match
the complex and changing backgrounds of the real situation. Yingli Cao et al. [21] proposed
a weed recognition method based on DeepLabv3+ for rice field, which improves the ASPP
module to realize the segmentation of weeds and rice in complex backgrounds. Wenging
Shang et al. [22] added double-threshold non-great suppression to Faster-RCNN to achieve
94.82% recall.

Although the above methods have improved weed detection performance to some
extent, weed leaves exhibit diverse and intricate shapes, including scales, strips, thorns,
and needles; moreover, natural lighting conditions vary significantly between day and
night, and backgrounds are often complex and dynamic. Many weeds closely resemble
crop plants during their growth stages, making it difficult for weed recognition models to
accurately distinguish between them. This challenge impedes feature extraction for the
weed recognition model, resulting in low detection accuracy and poor real-time perfor-
mance in such scenarios. Therefore, there is still considerable room for improvement in
weed detection methods based on deep-learning techniques.

This paper focuses on three common weed species as the research subject. To address
issues such as missed detections, false positives in natural environments, as well as low
accuracy in specific species such as needle-typed weeds, we propose the EDS-YOLOvV8
model as an enhancement to the YOLOVS target detection model. The main research
contents and innovations are as follows:

(1) The backbone network is enhanced by replacing the original backbone network with
two alternatives: RepViT, a lightweight network, and EfficientViT, a dense object
detection network.

(2) In the improvement to the neck part, various attention mechanisms such as EMA,
SimAM, and BiFormer are integrated to evaluate their impact on weed recognition
accuracy. The optimal attention mechanism for the weed detection task is then selected
based on comparative analysis.

(3) Partial enhancements are made to the C2f module and BottleNeck by substituting ordi-
nary convolution with dynamic snake convolution. This dynamic snake convolution
improves the capability to extract features of needle-shaped elongated weeds.

(4) The detection models established through different improvement methods under-
went multiple experimental validations. Initially, various attention mechanisms and
enhanced key modules were integrated into three different backbone networks. Sub-
sequently, the performance of the improved models was tested on a weed dataset.
Following this, ablation experiments were conducted to compare the effects of the
three improvement methods on weed detection performance and select the optimal
model suitable for the task. Finally, heatmap analysis was performed, visualizing
feature maps using GradCam to analyze feature extraction.
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2. Materials and Methods
2.1. Datasets

The paper selected three common types of weeds found in cornfields, with some
of the images sourced from publicly available datasets [23]. Due to partial occlusion in
some weed images within the original dataset and the presence of multiple images of
the same weed, the training process may inadvertently learn repetitive features, leading
to model overfitting. To address these issues, 200 high-quality images were selected for
each weed type from the original dataset, with selection criteria including non-occluded
weeds, varying shooting angles, and images captured at different times. Considering the
limited number of samples, the paper further collected an augmented dataset of three weed
types—Setaria viridis, Chenopodium, and Sonchus oleraceus—in cornfields. The weed
images in the dataset are illustrated in Figure 1.

Figure 1. Pictures of three types of weeds in the dataset. (a) Setaria viridis; (b) Chenopodium;
(c) Sonchus oleraceus.

The acquisition equipment used in this study is Redmi K40, 4800 pixels. The pictures
of the three types of weeds were collected under the condition of a main view, side view,
and top view, and pictures were taken at long range and close range. A 0.5x focal length
in the camera was selected to simulate the long-range picture, and a 2x focal length was
selected to simulate the close-range picture. In order to further simulate the influence of
light conditions on the quality of picture shooting, a time-division shooting scheme was
adopted. The time periods were selected from 8:00 to 10:00, 13:00 to 15:00, and 16:00 to
18:00, respectively. The three weeds were photographed, and the typical weed images
collected are shown in Figure 2.

Figure 2. Collected pictures of three types of weeds. (a) Setaria viridis; (b) Chenopodium;
(c) Sonchus oleraceus.
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Since YOLOVS requires supervised learning, the obtained dataset is labeled in La-
belme [24] software, Version 5.1.1, which was developed by MIT’s Computer Science and
Artificial Intelligence Laboratory, and the results of the labeled JSON file are converted into
a TXT file in YOLOvVS format to obtain the positional information of the weeds in the image.
Figure 3 shows the distribution of position information of weed targets in the image in the
dataset. From the figure, it can be seen that the weeds are widely distributed, and most
of them are located in the center of the image. The horizontal and vertical coordinates in
Figure 3 are the ratio of the height and width of the weed-labeling box to the height and
width of the whole image, respectively, and the larger the value is, the larger the proportion
of weeds in the image is. The image contains weed data of various sizes.

1.0-

0.0 0.2 0.4 0.6 0.8
width

Figure 3. Distribution of weeds in the dataset.

2.2. YOLOuS8 Object Detection Algorithm

There are five different versions of YOLOVS, distinguished by the number of modules
and network layers, but their basic structure remains similar. The overall structure of
YOLOVS can be divided into the backbone network, neck, and head. The backbone is
responsible for extracting features from the input image, which are then transmitted
through the backbone network. The neck is for multi-scale feature fusion, and the head
is for object detection, which includes predicting object location and category. The CBS
module performs convolution, BN, and SiLU operations on the input image. The C2f
structure draws inspiration from CSP and ELAN design principles, ensuring that the
network is lightweight while obtaining rich gradient flow information. The SPPF module is
responsible for converting feature maps of arbitrary sizes into feature maps of fixed sizes.

The model network architecture of the YOLOVS target detection algorithm is depicted
in Figure 4.
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Figure 4. Overall structure of YOLOVS.
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2.3. Backbone Network Improvements

To make the model more lightweight and improve its performance in dense weed
detection, the original backbone network in YOLOv8 was replaced with RepViT and
EfficientViT, respectively. The modified model backbone network architecture is depicted
in Figure 5, with each red color representing a different backbone.

YOLOVS_
backbone
RepViT
EfficientViT

{_ Backbone |

{ Backbone |

Figure 5. The overall structure of the YOLOVS8 backbone network after improvement.

2.3.1. EfficientViT Dense Prediction Network

The Vision Transformer (ViT) [25] has found widespread application in computer
vision tasks such as semantic segmentation, image classification, and object detection,
owing to its multi-head self-attention mechanism, which facilitates the learning of global
features. In order to further enhance the phenotypic performance of the model, the number
of parameters in ViT has been progressively increased. However, this increase in parameters
has led to a corresponding increase in model latency, rendering deployment on edge devices
more challenging and unsuitable for real-time applications.

EfficientViT aims to improve the computational efficiency of ViT from three aspects:
memory access, computation redundancy, and parameter efficiency. This is achieved
by reducing the number of inefficient layers to enhance memory efficiency, slicing only
half of the head input to reduce computational redundancy, and enhancing parameter
efficiency through channel pruning to eliminate unimportant channels. To realize these
objectives, EfficientViT is designed with cascaded group attention modules, memory-
efficient sandwich layouts, and parameter redistribution strategies to enhance efficiency
in terms of computation, memory, and parameters. The network structure of EfficientViT
is illustrated in Figure 6, consisting of sandwich layouts and cascaded group attention
modules. The EfficientViT series comprises six models with varying depths and width
ratios, with a certain number of heads allocated for each stage. For further improvement
in detection efficiency, EfficientViT-MO0 is selected as the backbone network for weed
detection tasks.

In weed detection tasks, individual weed growth is uncommon, whereas clustered
or widespread growth is more typical. Mixed growth of different weed species in a given
space, coupled with dense weed populations, poses a challenge to correctly identifying
various weed types. To achieve accurate recognition and real-time detection of densely
growing weeds while enhancing detection efficiency, the backbone network of YOLOVS is
improved to EfficientViT. Different attention mechanisms are then incorporated under the
new backbone network to select the optimal improvement solution.
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Figure 6. EfficientViT network structure.

2.3.2. RepViT Lightweight Network

Various efficient convolutional neural network attention mechanisms and different
methods, such as designing convolutional kernels of different sizes, short-circuiting be-
tween modules, and stacking convolutions, are applied in networks to enhance performance
in visual tasks. With the increase in network depth and stacking of various modules, the net-
work’s capability to represent features significantly improves. However, this improvement
comes with negative impacts, such as a dramatic increase in computational complexity,
leading to longer training times and higher inference latency, making it challenging to meet
the real-time requirements of certain applications.

To reduce computational complexity, input features are often divided into multiple
groups based on different computing devices, such as the Spatial Group-wise Enhance
(SGE) [26] attention mechanism, which focuses on the feature factors of each subgroup.
This method highlights the importance of each sub-feature, thereby enhancing the net-
work’s learning capability of different features. In convolutional neural networks, during
feature extraction, emphasis is typically placed on fusing local features across all channels,
neglecting potential interactions between features in different channels. The role of the
channel mixer is to fuse features across different channels to make the extracted features
richer and more diverse.

RepViT places depth-wise separable convolution modules at the beginning, followed
by SE modules to separate the channel mixer and token mixer. During the training phase, an
additional multi-branch depth-wise separable convolution structure is added to further en-
hance performance. In the inference phase, this branch is removed to reduce model latency.
Connecting the aforementioned structure with the FFN network yields the RepViT block.

RepViT consists of three stages. The backbone network is composed of a stack of 3 x 3
convolutions with a stride of 2. Compared to the MobileNetV3 [27], although the number
of convolution kernels has increased, the latency has decreased. The downsampling layer
increases the network’s depth and alleviates the loss of image information caused by
the decrease in resolution during feature extraction. In RepViT, the deep downsampling
layer comprises RepViT blocks, depth-wise separable convolutions, and FFNs. RepViT
has five variants, namely, RepViT-M0.9/M1.0/M1.1/M1.5/M2.3, with different latencies
determined by the number of channels used in each stage of the backbone network and the
number of blocks in each block. In this improvement, RepViT-MO0.9 is adopted.

In summary, RepViT is a novel lightweight network structure suitable for edge devices,
achieving high accuracy while ensuring that the network remains lightweight. To further
reduce the parameter count of YOLOVS, the original backbone network is replaced with
RepViT, and the improved network structure is illustrated in Figure 7.
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Figure 7. RepViT network architecture.

2.4. Key Module Improvements

The C2f module is one of the crucial components of the YOLOvS8 network. To enhance
the detection capability, particularly for flexible objects like needle-shaped weed leaves,
improvements were made to both the C2f and Bottleneck modules in YOLOvVS. Specifically,
the original convolution computations in the C2f module were replaced with dynamic
snake convolution.

Dynamic Snake Convolution

The shape and size of weed leaves vary, including scale-shaped, linear, thorn-shaped,
and needle-shaped. When conducting specific weed detection, especially for features like
needle-shaped leaves, feature maps are prone to cracks or discontinuities. This issue leads
to lower accuracy during the inference phase. The original YOLOv8 model achieved only a
91.1% accuracy in detecting such weeds, with high rates of missed and false detections. To
improve the accuracy of detecting these types of weeds, dynamic snake convolution was
introduced on top of the original network.

The purpose of dynamic snake convolution is to enhance the recognition of curved and
slender tubular structures. These structures, particularly the terminal branches of vessels,
have numerous branches, thin vessel walls, and a complex, curved shape. They occupy
fewer pixels in images, making it challenging for traditional convolution operations to
extract their features completely. If the target for detection is within a complex background
environment, with long structures and multiple branches, the model may overfit during
training and cause false positives during inference, leading to decreased generalization of
the model. Needle-shaped weed structures are similar to slender tubular structures, making
it difficult to extract their features. Dynamic snake convolution adjusts the convolutional
movement direction based on the previous convolution position, allowing it to capture
richer feature information compared to traditional convolutions.

Though deformable convolutions [28] can learn offsets and adaptively adjust the
kernel size to accommodate changes in object shape, it is challenging to focus on curved
and slender structures. Dynamic snake convolution imposes purposive constraints on the
process of changing the kernel size based on the shape of the object to be detected within
deformable convolutions. It designs multiple convolutional kernel structures to supplement
critical features from multiple perspectives, achieving efficient multi-perspective feature
fusion to summarize typical feature learning.
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Dynamic snake convolution combines traditional convolution with deformable convo-
lution. For 2D convolution, with a given 3 x 3 convolutional kernel, the center coordinates
can be represented as (x;, ;), and the standard convolutional kernel can be represented as

K={(x-1Ly—-1),(x—1Ly),...,(x+1y+1)} 1)

Introducing an offset from the standard convolution kernel A, in order to prevent
the receptive field from drifting off the target, constraints are imposed on the standard
convolution kernel in both the x-axis direction and the y-axis direction:

K (XiterYive) = (xi+cyi+ Zﬁc Ay), @)
itc = .
(Xi—e Vi) = (xi —cyi + X DY),

(XjserYjae) = (xj + Z;Jrc Ax,y; + c),
(Xi—e)Yi—c) = (xj + le-_c Ax,y; — C),

Since the offsets are fractional, their integer coordinates are computed by bilinear
interpolation, the K = }_ K'B(K’, K), which is a bilinear interpolating kernel function, and
K’ denotes the spatial position coordinate value.

The C2f structure is a crucial component of YOLOVS, playing a pivotal role in the
network. Moreover, the design of the C2f module draws inspiration from the principles of
the Bottleneck module. Therefore, improving the convolution computations in both the
C2f and Bottleneck modules to dynamic snake convolution is significant. The modified
model neck network architecture is depicted in Figure 8, with the red color representing
the improvement of key modules.

)
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[ c8s == convad-BatchNorm2d-Silu |
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Figure 8. Diagram of the neck structure after improving the key modules.

2.5. Attention Mechanisms

In order to achieve the goal of efficient feature fusion for fast weed detection, various
attention mechanisms were added to three different backbone networks to study their im-
pact on recognition accuracy. The improved model with these added attention mechanisms
is shown in Figure 9, with the red color representing the various attention mechanisms.
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Figure 9. YOLOVS neck structure after improving C2f module.

2.5.1. SimAM Attention Mechanism

For improving the performance ability of the convolutional neural network, on the
one hand, various different modules can be designed from the network structure, such
as Residual Unit [5], Inception [4], Dense [29] block, and so on. Humans can extract the
important information contained in a picture at a glance when observing the picture, which
is due to the fact that humans can focus their attention on the important positions in
the picture. Different attention mechanisms have been designed based on the attention
mechanism in human visual information processing. Methods are based on the attention
mechanism, due to its flexibility and plug-and-play features that can be used in different
positions in a convolutional neural network. Channel attention and spatial attention focus
on different things: the former focuses more on the extraction of features in small regions
of the image and assigns a weight coefficient to that feature for each channel during
computation, whereas the latter will assign a larger weight coefficient to the focal region.
To summarize, channel attention determines the specific location of the target object in the
image, and spatial attention achieves the purpose of determining the type of the object.
Both of these attentional mechanisms are similar to the feature-based and spatial-based
attentional mechanisms in the human brain, but the two attentional mechanisms in the
human brain have a certain interaction, and when observing an object, human beings can
independently select the features related to the observed object and ignore the irrelevant
information. Under the joint action of the two, humans can quickly extract the information
in the object that is useful to them. Current attention mechanisms do not take into account
the effect of the joint action of the two on the features, such as CBAM [30], which is mixed
after calculating one- and two-dimensional weights, respectively. In order to combine the
weights calculated by channel attention and spatial attention, SimAM starts from human
neurology theory [31], calculates the weights occupied by different neurons, i.e., calculates
an energy function based on the importance of neurons, and calculates 3D weights based
on the closed-form solution of the energy function.

2 M—-1
et(w, by, y, x;i) = (yr — 1) +t =1 (yo — %) 4)
i=1
M—-1 2
(wt, bt,y, 1 Z -1 - wtxl + bt)) (1 — (wtt + bt)) + Awtz (5)

i=1

where w; and b; are the weights and biases, t denotes the target neuron, and x; denotes the
other neurons.
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There should be M energy functions on each channel, and the analytical solution of
the above equation is

2(t —
Wy = — (2 ’ut) (6)
(t — ‘Mt) + 2012 +2A
1
by = _i(t + ) wy 7)

2

M-1 -

where ji; = 5/ .21 Xi, 0 = 37 ,Zl (xi — )

For this mealn and variance onl the channel, it can be seen from Equations (6) and (7)

that the analytic solution is obtained on a single channel, and therefore, it is inferred that

other neurons on the same channel also satisfy the same distribution. Therefore, all neurons
on the same channel can reuse this mean and variance.

Minimum energy is obtained in the end:

4(0% + )
(t—f)* +262 +2A

In theleglergy funlct%on (1), the linear separability between the target neuron and
the surrounding neurons is first calculated, and an active neuron will exhibit inhibitory
properties to other surrounding neurons, i.e., the neuron should be assigned a higher
weight value, where Equations F = wit 4+ by and, x; = wix; + by, M = H x W denote the
number of neurons on a given channel.

The smaller the energy e;*, the more inhibition it exhibits to peripheral neurons,
i.e., the higher the importance of the neuron in the visual processing task—the degree of
importance can be expressed as 1/¢;*, so with a larger 1/¢;*—the higher the importance,
and when the opposite occurs, the lower the importance. Attentional modulation in the
mammalian brain manifests itself as a gain (i.e., scaling) effect on neuronal responses, using
scaling operators for feature refinement:

X = sigmoid(é) X ©9)

where E is the energy function of each neuron, sigmoid restricts E to larger values, and X is
the input feature.

2.5.2. EMA Attention Mechanism

In the CA (Coordinate Attention) [32] mechanism, position information is embedded
to establish a link between the channel and the space, and the horizontal and vertical
position information is aggregated by pooling the input features in parallel global averaging,
although the different directional position information retained by this method can capture
spatially remote interactions, as well as the whole spatial positional interactions of the
features. The main improvements of the EMA attention module are as follows:

(1) Feature grouping: The input feature map is divided into G sub-features in order to
learn different semantics;

(2) Parallel sub-network: The parallel sub-network is divided into three branches, namely
two 1 x 1 branches and one 3 x 3 branch. The former aggregates horizontal and
vertical position coding through global average pooling, and the latter captures multi-
scale features;

(8) Cross-space learning: The outputs of 1 X 1 and 3 X 3 in the parallel sub-network
are aggregated across spatial information in different spatial dimensional direc-
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tions to realize different scales of feature fusion and capture more comprehensive
contextual information.

1 )
ZEW) == ¥ x(iW)
0<j<H

(10)

where Z}V(H) and Z!¥ (W) is the set of position information along the vertical and horizon-
tal directions, respectively, C is the number of input channels, and H and W are the height
and width of the input feature maps, respectively. The structure of the EMA module is
shown in Figure 10.
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Figure 10. EMA module structure.

2.5.3. BiFormer

The self-attention mechanism in Transformer can capture long-range dependency,

but this approach leads to increased computation and high memory usage; BiFormer
implements dynamic sparse attention to remove irrelevant information through Bi-Layer
Routing Attention (BRA) for dynamic computational allocation and content awareness.

@

@)

®)

4)

BiFormer’s features are summarized below.
Divide the input feature map into S x S lattices, and then obtain Q, K, and V by
linear mapping.

Q=XWIK=XWV=XW (11)

Average the Q and K of each region to obtain the regional average values of Q" and K’;
construct a directed graph to obtain the region in which each key—value pair in each
region should be involved by means of the adjacency matrix, where the adjacency
matrix can be expressed as below.

AT = Q' (K")T (12)

Calculate the routing index matrix I” by the adjacency matrix to obtain the most
relevant top k regions for each region to participate in the fine-grained operation as

relevant regions.
I" = topkIndex(A") (13)

Since the routing regions are scattered throughout the feature map and are difficult to
compute, they are first aggregated.

K& = gather(K,I") (14)
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V& = gather(V,I") (15)

(5) The aggregated K¢, V8 pairs use the attention operation to obtain the final attention.

O = Attention(Q,K3,V8) + LCE(V) (16)

where LCE (V') parameterizes the depth convolution.

The BiFormer block is constructed by BRA, and the final BiFormer is obtained by
stacking this module. The specific structure of the BiFormer block and BiFormer is shown
in Figure 11.

g g Y 0 g
LB B 5 |2
H g BiFormer | ! 3 BiFormer g BiFormer | ! g BiFormer
e Block e Block I Block nle Block
o o =3 =
8
@ ® @ R
i

Figure 11. BiFormer module structure.

2.6. Experiments

2.6.1. Experiment Protocol

(1) To further validate the improved network’s ability to enhance performance in weed
detection tasks, the improved network is first subjected to comparative experiments
with the original network.

(2) Under the condition of equal training parameters, the improved backbone network
is combined with various attention mechanisms and enhancements to important
modules. The network structure of the improved model is illustrated in Figure 12,
with the red color representing the three methods of improvement.

Bottleneck

Conv2d-BatchNorm2d-SiLu
|

[af = s —— st Bottleneck C) CBS
[ cgs | s D
‘ i@ cBs %
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©
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RepViT

EfficientViT

| EMA
| SimAM
| BiFormer

T Caf 1X1 Conv-num_class —’ y /
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Figure 12. YOLOv8 weed detection model structure with different improvement methods.

(3) Following the comparison of individually enhanced models, Section 3 of this chapter
will conduct ablation experiments to assess the extent to which different combina-
tions of improvement methods affect weed detection performance. The optimal
improvement method will be selected for application in weed detection tasks. This
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experiment is conducted on a Windows 10 Professional system, with PyTorch version
2.1.0 and CUDA version 12.1.0. Specific configurations are detailed in Table 1, and the
hyperparameters for training the improved model are outlined in Table 2.

Table 1. System configuration.

Configure Version/Model
CPU Intel Xeon W-2223
GPUs GTX3090
CUDA 12.1
Pytorch 2.1.0

Table 2. Experimental parameter configuration.

Epoch 300
Batch 16

Learning Rate 0.01
10U 0.7
Classes 3

2.6.2. Evaluation Metrics

In order to accurately evaluate the performance of the model before and after the
improvement, Precision, Recall, Average Precision (AP) and mean Average Precision (mAP) are
used as evaluation metrics.

iy TP .
Precision = TP+ D x 100% (17)
TP
Recall = ———— x 100% 1

eca TP+ EN x 100% (18)

1
AP = / P(R)dR (19)

0
mAP = L AP (20)

KClass

where TP represents the number of positive samples predicted as positive, FP represents
the number of negative samples predicted as positive, FN represents the number of positive
samples predicted as negative, and TN represents the number of negative samples predicted
as negative. Precision represents the proportion of samples predicted as positive and
correctly predicted among all samples predicted as positive. Recall represents the proportion
of samples predicted as positive among all positive samples in the dataset. The mAP is the
mean of the Average Precision (AP) and the Average Precision (AP) is the area of the P-R curve.

2.6.3. Results

To validate the performance of the models with the addition of the SimAM and
EMA attention mechanisms, dynamic snake convolution, as well as the improvement
of converting the backbone network into EfficientViT and RepViT, experiments were
conducted on the weed dataset. The results are presented in Tables 3-5. It can be observed
that under the original YOLOvV8 backbone network, dynamic snake convolution exhibited
the most significant improvement in model performance. Precision, recall, mAP (0.5), and
mAP (0.5:0.95) increased by 5.6%, 5.8%, 6.4%, and 1%, respectively. By adding dynamic
snake convolution, the next convolution position could freely choose the direction based on
the previous convolution kernel. This allows for the extraction of more feature information,
particularly for flexible and slender weeds, thereby reducing the false-negative rate.
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Table 3. Improvement and experimental data with the original backbone network.
Improved o o o o= /0
Methodology Accuracy/% Recall Rate/% mAP(0.5)% mAP(0.50:95)/%
YOLOvVS8 91.1 88.4 90.5 83.3
DCNv3 91.9 89.3 96.2 83.7
DySkD 96.7 94.2 96.9 84.3
SimAM 95.6 90.7 96.4 82.5
EMA 96.2 91.1 96.2 82.3
BiFormer 95.0 93.9 95.7 83.1
YOLOv8_DSEB 95.9 94.3 96.5 83.8
Table 4. Improvements and experimental data with EfficientViT backbone network.
Improved o o o . o
Methodology Accuracy/% Recall Rate/% mAP(0.5)/% mAP(0.5:0.95)/%
EfficientViT 96.0 93.7 96.5 84.0
DCNv3 96.5 91.8 95.6 83.4
DySkD 96.3 92.5 96.5 83.4
SimAM 97.0 92.6 96.4 83.3
EMA 96.7 92.1 96.6 83.8
BiFormer 97.4 93.1 96.5 84.1
YOLOv8_EDSEB 96.7 93.1 96.4 83.3
Table 5. Improvement and experimental data with RepViT backbone network.
Improved o o o . o
Methodology Accuracy/% Recall Rate/% mAP(0.5)/% mAP(0.5:0.95)/%
RepViT 96.1 92.3 96.0 83.1
DCNv3 96.5 91.8 95.6 83.4
DySkD 96.9 92.5 96.6 83.4
SimAM 96.0 93.9 96.4 83.3
EMA 96.3 922 96.5 83.3
BiFormer 96.5 93.7 96.3 83.2
YOLOvV8_RDSEB 95.9 93.3 96.5 83.4

EfficientViT integrates multi-scale attention, allowing for a global receptive field and
enabling the prediction of dense weeds. As shown in the Table 4, when the backbone
network is upgraded to EfficientViT, the missed detection rate of dense weeds can be
effectively reduced. Particularly, when BiFormer is added to the EfficientViT backbone
network, the model’s performance improves significantly, with precision, recall, mAP
(0.5), and mAP (0.5:0.95) increasing by 6.3%, 4.7%, 6%, and 0.8% respectively. Adding
BiFormer not only enhances the detection capability of dense weeds but also improves
their localization accuracy.

Under the RepViT backbone network, the impact of dynamic snake convolution and
deformable convolution on model performance improvement is comparable. Though the
overall performance of the model is not as strong as the other two enhancement methods,
there is still an improvement compared to before the enhancements. Particularly, with
the addition of the SimAM attention mechanism, the Recall rate increases significantly.
The SimAM attention mechanism, similar to human observation of objects, facilitates
interaction between channel attention and spatial attention, thus enhancing localization
and classification accuracy. Consequently, it can reduce the missed detection rate, with
precision, recall, and mAP (0.5) improving by 5.9%, 5.5%, and 5.9% respectively.
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3. Ablation Experiments
3.1. Analysis of Ablation Experiments Results

To compare the effects of improving the backbone network, enhancing key modules,
and adding different attention mechanisms on weed detection performance, and to select
the optimal improvement method suitable for weed detection tasks, a total of fifteen
experiments were designed to assess the impact of different improvement methods on
weed detection performance. These experiments were conducted on the same weed dataset,
and the results of the ablation experiments are presented in Tables 6-8.

Table 6. Ablation experiments under the original backbone network.

Improvement Methods Precision/% Recall/% mAP(0.5)/% mAP(0.5:0.95) %
YOLOv8 91.1 88.4 90.5 83.3
YOLOVS8 + Dynamic snake 96.7 94.2 96.9 84.3
YOLOVS8 + Dynamic snake + SimAM 97.0 93.3 96.8 84.2
YOLOVS8 + Dynamic snake + EMA 95.6 94.2 96.7 83.9
YOLOVS8 + Dynamic snake +BiFormer 95.1 93.3 96.2 83.6

Table 7. Ablation experiments under the EfficientViT backbone network.

Improvement Methods Precision/% Recall/% mAP(0.5)/% mAP(0.5:0.95) %
EfficientViT 96.0 93.7 96.5 84.0
EfficientViT + Dynamic snake 96.3 92.5 96.5 83.4
EfficientViT + Dynamic snake + SimAM 97.1 94.3 96.9 84.1
EfficientViT + Dynamic snake + EMA 97.3 92.7 96.6 83.6
EfficientViT + Dynamic snake + BiFormer 95.6 92.8 96.6 83.6

Table 8. Ablation experiments under the RepViT backbone network.

Improvement Methods Precision/% Recall/% mAP(0.5)/% mAP(0.5:0.95) %
RepViT 96.1 92.3 96.0 83.1
RepViT + Dynamic snake 96.9 92.5 96.6 83.4
RepViT + Dynamic snake + SiImAM 97.0 924 96.3 83.4
RepViT + Dynamic snake + EMA 95.4 93.5 96.2 83.2
RepViT + Dynamic snake + BiFormer 95.1 93.3 96.2 83.6

From the results of the ablation experiments, it can be observed that all improvement
methods led to performance enhancements compared to the original network. Under the
original backbone network and the improved EfficientViT and RepViT backbone networks,
adding dynamic snake convolution and the SimAM attention mechanism effectively en-
hanced the model’s detection capability. Compared to individually adding dynamic snake
convolution and the SImAM attention mechanism under the three backbone networks,
the combination of the two further improved performance. Dynamic snake convolution
autonomously selects the direction of convolution, and the SimAM attention mechanism
integrates channel and spatial attention, further strengthening the detection capability
of small targets, thus reducing both missed detections and false positives. Therefore,
the combination of dynamic snake convolution and SimAM is considered the optimal
improvement method.

Under the original backbone network, adding dynamic snake convolution and the
SimAM attention mechanism resulted in improvements of 5.9% in precision, 4.9% in
recall, 6.3% in mAP (0.5), and 0.9% in mAP (0.5:0.95). Under the EfficientViT backbone
network, adding dynamic snake convolution and the SimAM attention mechanism led
to improvements of 6% in precision, 5.9% in recall, 6.4% in mAP (0.5), and 0.7% in mAP
(0.5:0.95). Under the RepViT backbone network, adding dynamic snake convolution and
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the SimAM attention mechanism resulted in improvements of 5.9% in precision, 4% in
recall, 5.8% in mAP (0.5), and 1% in mAP (0.5:0.95).

Based on the comprehensive analysis, selecting EfficientViT as the backbone network,
enhancing the key module with dynamic snake convolution, and adding the SImAM
attention mechanism is deemed the optimal model for weed detection tasks. This model is
named EDS-YOLOVS, denoting the optimal improvement model.

3.2. Heatmap Analysis

To provide a more intuitive visualization of the improved YOLOvVS8's detection perfor-
mance, GradCam [33] heatmaps were utilized to visualize the detection results, as shown
in Figure 13. The original YOLOvS8 object detection model and the enhanced EDS-YOLOv8
weed detection model were selected for visualization using GradCam. From Figure 13, it
can be observed that though the YOLOvVS8 backbone network primarily focuses attention on
the objects to be detected, it pays less attention to the leaves. After improving the backbone
network to EfficientViT, the model can detect small targets and dense weeds as well. With
the addition of dynamic snake convolution, the model can capture the fine structures of
weed leaves and extract their features, effectively reducing missed detections of small
targets. Furthermore, the incorporation of the SimAM attention mechanism strengthens
the fusion between channel and spatial attention features, enabling precise localization
and classification.

Figure 13. YOLOvVS8 heat map and EDS-YOLO heat map comparison. (a—c) YOLOvS8 heat map;
(d—f) EDS-YOLO thermogram.

4. Conclusions

By introducing dynamic snake convolution, the model can adaptively learn the size
of convolutional kernels, thus enhancing the detection capability of flexible objects. Addi-
tionally, the incorporation of the SimAM, EMA, and BiFormer attention mechanisms in the
backbone network further strengthens the feature fusion capability. To further ensure that
the model is lightweight for deployment on edge devices, this paper introduces the RepViT
lightweight backbone model, onto which various modules are added. In order to achieve
dense weed detection, the EfficientViT dense prediction network is introduced, along
with different attention mechanisms. Notably, adding dynamic snake convolution to the
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original backbone network shows the most significant improvement in model performance,
with precision, recall, mAP (0.5), and mAP (0.5:0.95) increasing by 5.6%, 5.8%, 6.4%, and
1%, respectively.

From the results of the ablation experiments, it is evident that stacking modules does
not significantly improve model performance. It is crucial to choose attention mechanisms
tailored to specific tasks. Given the unique shape of weed leaves, characterized as flexible
objects, dynamic convolution autonomously learns the size of convolutional kernels. It
supplements important features from multiple perspectives, facilitating comprehensive
feature summarization learning. This significantly enhances model performance, mak-
ing dynamic snake convolution particularly suitable for weed detection tasks. Through
heatmap analysis, the improved network directs more attention to the objects to be de-
tected, thereby increasing the accuracy of weed detection, especially for needle-shaped
weeds. Compared to the original algorithm, the improved YOLOVS algorithm achieves a
6% increase in precision, a 5.9% increase in recall, and improvements of 6.4% and 0.7% in
mAP (0.5) and mAP (0.5:0.95), respectively. This enhancement enhances YOLOvV8's ability
to detect flexible objects, meeting the requirements of weed detection tasks and making the
model well suited for field detection tasks.

Through ablation experiments and heatmap analysis, the effectiveness of each im-
provement in enhancing model performance was verified. Additionally, the optimal
model suitable for weed detection tasks was selected, which involves improving the back-
bone network to EfficientViT and adding dynamic snake convolution and the SimAM
attention mechanism.
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