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ABSTRACT: Pest detection techniques are helpful in reducing the frequency and scale of pest outbreaks; however,
their application in the actual agricultural production process is still challenging owing to the problems of inter-
species similarity, multi-scale, and background complexity of pests. To address these problems, this study proposes
an FD-YOLO pest target detection model. The FD-YOLO model uses a Fully Connected Feature Pyramid Network
(FC-FPN) instead of a PANet in the neck, which can adaptively fuse multi-scale information so that the model can
retain small-scale target features in the deep layer, enhance large-scale target features in the shallow layer, and enhance
the multiplexing of effective features. A dual self-attention module (DSA) is then embedded in the C3 module of the
neck, which captures the dependencies between the information in both spatial and channel dimensions, effectively
enhancing global features. We selected 16 types of pests that widely damage field crops in the IP102 pest dataset,
which were used as our dataset after data supplementation and enhancement. The experimental results showed that
FD-YOLO’s mAP@0.5 improved by 6.8% compared to YOLOV5, reaching 82.6% and 19.1%-5% better than other
state-of-the-art models. This method provides an effective new approach for detecting similar or multiscale pests in
field crops.
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1 Introduction

Pest identification plays a crucial role in agricultural production, as pests account for a significant
portion of global annual food losses [1]. Effective pest control is essential for enhancing agricultural
productivity, ensuring food security, and safeguarding farmers’ incomes. By implementing eflicient pest
monitoring systems, it is possible to achieve substantial results with reduced effort. Early and accurate
detection and identification of pest populations are vital for managing their numbers, understanding their
occurrence patterns, and implementing effective prevention and control measures. However, challenges such
as environmental complexity and the high similarity among pest species [2] complicate the pest detection
process, making it a challenging area of research.

Traditional pest identification techniques often rely on the expertise of trained taxonomists who identify
pests based on morphological characteristics. This approach is labor-intensive, time-consuming, costly, and
inefficient, often resulting in delayed feedback [3]. The advent of computer vision technology and machine
learning algorithms has led to advancements in automated pest detection. Nevertheless, conventional
machine learning methods depend on manually designed feature extractors, which tend to maintain stable
detection accuracy only when dealing with a limited number of pest samples or a single pest species. When
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faced with large-scale, multi-category pest data in practical applications, these methods often exhibit reduced
accuracy and robustness [4].

In recent years, deep learning algorithms have emerged as efficient and accurate models for addressing
computer vision tasks related to the identification and detection of agricultural pests. Among these, two-
stage algorithms generate a series of object bounding boxes in the first stage, followed by classification in
the second stage using convolutional neural networks. In contrast, one-stage algorithms directly convert the
bounding box prediction problem into a regression task, simultaneously generating class probabilities and
coordinates for detection. Consequently, while two-stage algorithms are known for their high accuracy, they
tend to be slower compared to their one-stage counterparts [5]. For instance, Rong et al. [6] enhanced the
feature pyramid structure of the Mask R-CNN model to improve recognition accuracy for small targets,
providing a novel approach for pest identification and counting on yellow plates in the field. Wang et al. [7]
employed a sensitive score matrix to enhance bounding box prediction performance for detecting small rice
flies in rice fields, achieving an average accuracy of 81%. Ali et al. [8] proposed the Faster-PestNet method,
which utilizes Faster R-CNN with MobileNet as a backbone network and depth-separable convolution to
recognize multiple pest classes.

With the evolution of one-stage algorithms, some have surpassed two-stage algorithms in performance
while also being more conducive to real-time applications. The YOLO [9] family exemplifies a one-stage
detection algorithm that effectively balances detection accuracy and speed. Liu et al. [1] integrated a triple
attention mechanism into a CNN network, resulting in an improved YOLOv4 model for tomato pest
detection, achieving a mean Average Precision (mAP) of 95.2%. This model outperformed Faster R-CNN,
SSD, the original YOLOv4, and YOLOV3 in terms of detection speed, computational cost, model size, and
accuracy. Zhang et al. [10] introduced an enhanced YOLOV5 network that combines Bi-FPN feature fusion,
channel attention, and a DenseNet backbone to accurately identify unopened bolls on cotton crops, aiding
farmers in optimizing mechanized cotton harvesting and reducing crop loss while predicting yield. Wen
etal. [11] developed Pest-YOLO based on YOLOV4, utilizing a focal loss function to enhance the loss weights
of challenging samples and employing a confluence strategy to minimize the omission of tiny, dense pests,
achieving a mAP of 69.6% on the Past24 dataset. Hu et al. [12] utilized GC Attention and Swin Transformer
to enhance global sensing and feature extraction capabilities, employing Bi-FPN for feature fusion and
adding detection heads to capture more scale features, thereby improving rice pest detection accuracy.
Yin et al. [13] incorporated a multibranch CBAM structure into YOLOVS, introduced a minimum point
distance intersection and merger ratio as a bounding box loss indicator, and utilized Ghost convolution to
enhance the model’s efficiency, facilitating automatic detection and counting of rice pests. Dong et al. [14]
developed the PestLite model based on the YOLOV5 algorithm, introducing ECA attention to focus on multi-
scale contextual information through multi-level spatial pyramid pooling and replacing up-sampling with
feature content-aware restructuring, achieving a mAP@50 of 57.1% on the IP102 dataset, representing a 2.6%
improvement over the baseline.

Despite the advancements in agricultural pest detection models, several significant challenges remain.
The vast number of insect species and the diverse appearances of different pest species complicate detection
efforts. Many existing pest detection algorithms are limited to specific pest categories with fewer instances,
resulting in poor generalization and hindering predictions of pest outbreaks. Additionally, the high simi-
larity in color and appearance among certain pests complicates feature extraction during model training.
Furthermore, the substantial scale differences in pest images and the protective coloration of pests can lead
to confusion or inaccurate localization against the background, significantly limiting the performance of pest
detection algorithms.
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To address these challenges, this paper builds upon the YOLOV5 baseline model by incorporating an
attention mechanism to enhance feature extraction and replacing the neck Feature Pyramid Network with a
multi-scale feature fusion approach. This results in the design of the FD-YOLO model, aimed at detecting pest
targets in field crops characterized by interspecies similarity, multi-scale variations, and complex background
environments. The main contributions and innovations of this paper are as follows:

(1)  The introduction of the FC-FPN, which connects input feature layers at all scales with output feature
layers at all scales, enabling adaptive fusion of multi-scale features and enhancing the multiplexing of
effective features.

(2) The proposal of the DSA module, embedded within the C3 module to form DSA-C3, which cap-
tures spatial relationships between features and channel relationships, effectively enhancing global
feature representation.

(3) The selection of sixteen pest categories that are significantly damaging to field crops from the IP102
large-scale pest dataset, along with the collection and annotation of images for underrepresented
categories to achieve data balance. Additionally, data augmentation techniques were employed to
expand the dataset, thereby improving the model’s generalization ability and robustness.

2 Materials and Methods
2.1 Datasets

The dataset utilized in this paper is derived from the IP102 dataset [15] and various web resources. The
IP102 dataset is the most comprehensive pest dataset available, featuring the largest number of images and
the widest variety of pest species. It comprises 18,975 images across 102 pest categories, which are organized
into two major groups and eight subgroups. The primary groups include pests affecting field crops (such
as rice, corn, wheat, sugar beet, and alfalfa) and pests impacting cash crops (including grapes, citrus, and
mango).

For this study, we selected 16 types of pests that significantly affect field crops, resulting in a total of 3893
images. Due to factors such as population size and environmental conditions, the dataset exhibits a natural
long-tailed distribution. Direct training on this dataset can severely impact practical applications, as it is
challenging to extract sufficient features from the limited number of samples in the tail classes. Consequently,
these tail classes are often overlooked, while the abundance of samples in the head classes tends to dominate
the classifier training. This unbalanced distribution typically results in improved performance for the head
classes and diminished performance for the tail class [2]. To address this issue, we collected and annotated 825
images from the internet to supplement the five tail categories in the dataset, ultimately creating a multi-class
field crop pest dataset containing 4718 images.

Most images in this dataset feature real natural backgrounds that reflect actual field conditions. While
this may lead to challenges in distinguishing targets from complex backgrounds, it significantly enhances
the robustness and practicality of the model. Additionally, the dataset includes images depicting different
life stages of pests. Although the appearances of larvae and adults of certain pest species can vary greatly,
this diversity increases the recognition challenge while simultaneously enhancing the model’s generalization
ability. Fig. 1 illustrates some images of inter-species similar pests.

Deep learning models require extensive and varied data to make accurate predictions across different
environments. Data augmentation techniques play a crucial role in enriching the dataset by generating
multiple variants of existing data, thereby providing more training material and enabling the model to extract
and utilize features more effectively. In this paper, we employed the Mosaic data augmentation method,
applying transformations such as HSV adjustments, rotation, translation, cropping, scaling, combination,
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flipping, and perspective transformations to the dataset images. After augmentation, each image is composed
of four randomly transformed images, enhancing the detection capabilities for small targets. Furthermore,
these new samples encompass various target orientations, angles, and lighting conditions, allowing the
model to learn a richer set of target features. This approach not only improves prediction accuracy but also
enhances generalization ability, increases robustness, and mitigates overfitting—factors that are critical for
effective training.

rice leaf caterpillar(larvae) corn borer(larvae)

asiatic rice borer(larvae) rice leaf roller(larvae) rice leafhopper plan thopper

Figure 1: Some interspecific similar pests in the dataset

2.2 YOLOv5 Network Structure

The YOLO series algorithms divide the input image into small grids, generate the predicted bounding
boxes by convolution operation, screen out the bounding boxes with low confidence using the non-
maximum suppression (NMS) method, and then regress the bounding boxes with the highest confidence.
Among them, the YOLOVS5 architecture model not only has the advantages of fast speed and high accuracy,
but is also widely used in many fields of computer vision because of its excellent ease of use, compatibility,
and stability. YOLOVS5 contains three key components: backbone, neck, and detection head. The backbone
network performs feature extraction by stacking four C3 modules, which increase the width and depth of the
network and better preserve image information to achieve the residual effect, as well as increase the receptive
field to enhance the ability to focus on global information. Spatial Pyramid Pooling (SPP) is used at the end
of the backbone to pool feature information at different scales to improve the accuracy and efficiency of the
model. The neck uses a feature fusion module called Path Aggregation Network (PANet), which successively
performs bottom-up and top-down multi-scale feature fusion to enhance the feature reuse of feature maps at
each size, which helps to reduce the difficulty of parameter convergence and accelerate the learning speed of
the model. Finally, the head was used as a prediction module to predict large, medium, and small targets using
(80,80,256), (40,40,512) and (20,20,1024) feature maps of three different shapes with the category, confidence,
and bounding box of the target. The structure of the YOLOv5 model is shown in Fig. 2.
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Figure 2: YOLOv5 network structure

2.3 FD-YOLO Network Structure

Due to the huge difference between pest detection and general target detection, most of the pest targets
in the pest target detection task suffer from strong interspecies similarity, large scale difference or complex
background, which leads to misdetection or omission. Therefore, this paper based on YOLOV5 proposes a
FD-YOLO model for pest detection. Firstly, this paper proposes a Fully Connected FPN (FC-FPN) instead
of PANet in YOLOVS5, which fuses the input feature layers of all scales into the output feature layers of each
scale, and performs feature extraction after each output feature layer. Then the Double Self-Attention (DSA)
module is proposed, which is combined with the C3 module of the neck to enhance feature extraction. Finally,
the FD feature fusion network is formed as the neck. The FD-YOLO model structure is shown in Fig. 3.
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Figure 3: FD-YOLO network structure

2.4 FC-FPN

Multiscale feature fusion using the proposed FC-FPN replacement of PANet in the YOLOV5 neck.
PANet was proposed in 2018 by Liu et al. [16]. By adding a bottom-up fusion path, the shallow information
is more conveniently delivered to the top-level features through PANet rather than passing through all the
backbone networks before reaching them, thus preserving more shallow texture information and position
information. However, with the improvement of YOLOVS5, the deeper CSPDarknet53 and ResNet backbone
networks are replaced by a wider and lighter C3 module, and PANet becomes less convenient and efficient.
Currently, BiFPN and ASFF are the widely used FPN networks. BiFPN adds fusion weights during feature
fusion, which makes it easier for the network to learn appropriate information; however, using only adjacent
layers is not conducive to capturing multi-scale information about the target. In addition, using bidirectional
feature fusion and superimposing the BiFPN several times increases the complexity of the model to a certain
degree, which is not conducive to network learning. ASFF adaptively fuses multiple backbone feature layers of
different scales into multiple output feature layers of different scales for detection, which can directly transfer
information between deep and shallow layers and simplify the network structure. However, a larger number
of parameters are used during adaptive fusion, which increases the computational cost, and the detection
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is performed directly without feature extraction after feature fusion, which results in a limit. Fig. 4 shows a
schematic of the PANet, BiFPN, and ASFF network structures.

PANet BiFPN
Figure 4: PANet, BiFPN and ASFF structure
The structure of our proposed FC-FPN is illustrated in Fig. 5. FC-FPN Downsampling or Upsampling
all the three input feature maps into three sizes of 80 x 80, 40 x 40 and 20 x 20 feature maps, and then sets

the trainable weights w to weight and fuse the feature maps of each size, and finally performs the feature
extraction through the C3 module. The output equations of each layer of the FC-FPN are as follows:

Pyt =C3 (Concat (L pin, — "2 Resize (Pi”) " Resize (PS’")))

Wi1+£' 3,ZW1'1+8 ’Zwi1+e
Pyt = C3 (Concat (L - Resize (P;") , W22 . Pi", W32 - Resize (Pg"))) 1)
Lwipte Lwipte Lwirte
w . w . w )
Pt = C3 (Concat ($ - Resize (Pi"), ——2 . Resize (Pi"), — P;"))
ZW,‘3+8 ZW,’3+€ ZW,'3+€

where w is the trainable weight, the Resize operation is a Downsampling or Upsampling operation, and ¢ is
a minimal value.

Figure 5: FC-FPN structure
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FC-FPN summarizes the advantages of BiFPN and ASFF networks. Each layer integrates the charac-
teristics of three different scale levels in the backbone network, and uses a fully connected information
transmission mode to enable pest image information to be transmitted across layers. Large-scale target
information can be strengthened in the shallow layer, and small-scale target information can be retained
in the deep layer. Deepen the semantic understanding of pest targets. And the weighted Concat approach
is used, with only nine parameters, so that the network can learn the importance of different resolution
feature layers. This fully-connected weighted fusion of feature layer fusion not only improves the recognition
accuracy of pests at all scales, but also multiple feature reuse of useful features in the input data and
multiple utilization of feature information of pests in the image to discriminate between the pest target and
the background and to reduce the bounding box loss. In addition, the single-layer network structure not
only reduces the complexity of the network, but also reduces the number of convolution and C3 modules,
reduces the number of parameters, and makes the network more lightweight. Finally, the C3 module used
after Concat can integrate the existing data features to extract the effective information and reduce the
dimensionality and complexity of the data in order to the detection header predicts the target information.

2.5 DSA Module

The Transformer self-attention mechanism is a method for calculating the correlation between the
information of each element in the input sequence, which associates each input information with all the
information to obtain new self-attention-weighted information. This improves the ability of the model to
integrate global information and thus enhances the model’s ability to understand and express the input data.
For example, the Vision Transformer and Swin Transformer accomplish spatial dimensional self-attention
operations by segmenting or downsampling an image into a series of patch elements and by performing
interactive computations between patches. The use of spatial self-attention enhances the overall attentional
weight of the pest target and reduces the attention to the background region, allowing the model to focus on
the spatial region of the pest target. However, many excellent attention mechanisms not only focus on the
relationship between information in the spatial dimension but also on the different degrees of importance
of each channel feature, such as CBAM [17] and Triple Attention [18]. Using the Transformer self-attention
mechanism in the channel dimension, the dependencies between features in the channel dimension can be
captured, thus integrating all the feature information of the pests and enhancing the model’s classification
ability for similar pests.

The DSA module uses a Transformer self-attention mechanism to successively perform channel self-
attention and spatial self-attention operations. The overall structure of the DSA module is illustrated in Fig. 6.
The overall structure of the C3 module is shown in Fig. 7, which is an easily extensible module whose design
flexibility allows multiple modules to replace the BottleNeck Block. In this study, the DSA module was
replaced with the BottleNeck Block in the C3 module, thus embedding the DSA module into the C3 module
to form DSA-C3. The overall structure of DSA-C3 module is shown in Fig. 8.

In the channel self-attention module, the information of each channel of the input feature matrix
is converted into one-dimensional vectors and then used as inputs to the Transformer encoder, which is
implemented using the Multihead Self-Attention (MSA) Module and the Multi-Layer Perceptron (MLP).
Layer Norm is applied before each module to speed up the training. Residual Connection is applied after
each module to avoid information loss. Vision Transformer and Swin Transformer enhance the spatial
information of the object, while using Transformer in the channel dimension, it is possible to focus
on the correlation between different features on the channel. Fig. 9 shows the structure of the channel
self-attention module.
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Figure 6: Overall structure of the DSA module

Figure 7: Overall structure of the C3 module

Figure 8: Overall structure of the DSA-C3 module
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Figure 9: Structure of channel self-attention module3 equations and mathematical expressions
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The self-attentive mechanism passes the information a',a?,...,a" from each channel through three
transformation matrices W9, WX, W" to obtain qi, ki, vi, defined as follows:

qi:Wq.ai
ki=Wk-ai (2)
vi=Wv.a

The similarity score b;; between the channel features is obtained by the inner product operation
of Formula (3), which is normalized using the softmax function in order to stabilize the gradient during
training, where d is the vector dimension, and is therefore divided by the square root of d in order to prevent
the inner product from being too large.

i lj
1 k) 3)

Vd

The similarity score b;; is used as the weight of the channel information v;, which is accumulated
to obtain the attention result ¢; of the channel for all the channel information, which is expressed by the

bij = Softmax(
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following formula:
CiZZbinVj (4)

For input feature matrix A = (a',a%,...a"), set matrix Q = (¢',¢%...q"), K= (k' k*,...k"), V =
(v!,v%,...v") then we get overall Formula (5).

Attention (Q,K, V) = Softmax (QKT) Vv (5)
o Vd

The Multihead Self-Attention (MSA) module uses a multi-group transformation matrix W4, wk wv
to obtain a multi-group of Query, Keys, and Values, which are computed in parallel for each head. The
resultant matrix is computed using the parameter vector W0 in a weighted Concat computation, and the
output of the MSA is then obtained. The spatial self-attention module uses a Swin Transformer, which
computes self-attention in non-overlapping local windows instead of global self-attention, by improving
the MSA module into a window-based self-attention W-MSA module and a shifted-window-based self-
attention SW-MSA module, shrinking some of the receptive field but drastically reducing the computation of
high-resolution images. Subsequently, the moving-window computation method was introduced to enable
information linkage between windows while maintaining the computational efficiency.

3 Experiments and Analysis of Results
3.1 Model Performance

FD-YOLO model gives an initial indication of the model’s performance by comparing it with the
YOLOV5 baseline model on multiple metrics shown in Fig. 10. The figure shows three loss curves for the
training and validation sets. Bounding box loss evaluates the model’s ability to localize the target and predict
the target size, and its improvement reflects the model’s enhanced ability to regress the bounding box for
targets of different scales. Target loss and recall reflect the loss of targets during detection, which is not ideal
for YOLOVS5 because of the presence of many instances of small targets, such as midges and aphids in the
sample, and is improved by the FD-YOLO model. Category loss and precision reflect whether the model has
the ability to discriminate between similar categories of targets, and for our complex multicategory dataset,
the FD-YOLO model performs well. The mAP is the area under the P-R curve, which balances the effects of
precision and recall on the model. The increase in the mAP reflects the comprehensive performance of the
FD-YOLO model.
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Figure 10: (Continued)
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Figure 10: Comparison of YOLOv5 and FD-YOLO indicators

3.2 Comparative Tests

To verify whether the FD-YOLO model has advanced performance, we conducted controlled experi-
ments. A total of seven advanced algorithms for target detection, YOLOV5, SSD, Faster R-CNN, Pest-YOLO,
YOLOX, YOLOVS, and YOLOV10, were selected for comparison with FD-YOLO. All algorithms were applied
to the augmented dataset, which was divided in a ratio of 8:2. The results of the comparison tests of the
different models are listed in Table 1. The FD-YOLO model shows an improvement in all the metrics with
82.6% for mAP@0.5, 48.7% for mAP@0.5-0.95, 85% accuracy, and 76.8% recall. It improves by 6.8%, 4.8%,
5.6%, and 5.9% over the benchmark model YOLOV5, and 19.1%-2.3%, 11.3%-2.2%, 17.6%-2.7%, and 17.8%-—
2.9%, respectively, compared to the other models. These data demonstrate that the FD-YOLO model provides
better detection results for multiscale field pests in complex situations.

Table 2 presents the performance of the double self-attention-based fully connected feature fusion
network (FD) across different backbone networks. The results indicate that replacing the common backbone
network does not significantly enhance the performance of the FD-YOLO model. Specifically, the precision,
recall, and mAP values obtained by combining these feature extraction networks with the FD feature
fusion network are slightly lower than those achieved using the original backbone network. The lightweight
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architectures, such as EfficientNet v2, ShuffleNet v2, and ConvNeXt, are less effective, while the advanced
Swin Transformer feature extraction architecture proves to be more effective, achieving an mAP@0.5 of
80.8%, although this is still slightly lower than that of FD-YOLO. Therefore, we incorporate the FD feature
fusion network into the YOLO network with the C3 feature extraction architecture, resulting in our proposed
FD-YOLO model based on YOLOVS5.

Table 1: Comparison of the results of the models

mAP@0.5 mAP@0.5-0.95 Precision Recall F1

YOLOV5 75.8 43.9 79.4 70.9 749
SSD 63.5 374 67.4 59.0 629
Faster RCNN 715 421 73.7 65.3 692
Pest-YOLO 76.4 44.8 80.2 7.7  75.7
YOLOX 73.0 41.7 77.2 68.6 72.6
YOLOv7 75.2 441 779 693 733
YOLOVS 80.3 46.5 82.3 739 779
YOLOV10 79.1 45.9 80.5 734  76.8
FD-YOLO 82.6 48.7 85.0 76.8  80.7

Table 2: FD performance in different backbone networks

mAP@0.5 mAP@0.5-0.95 Precision Recall F1

EfficientNet v2+FD 78.3 45.3 81.5 71.0 759
ShuftleNet v2+FD 75.7 43.7 79.2 69.5 74.0
ResNet-50+FD 79.2 44.2 81.4 71.3 76.0
ConvNeXt+FD 73.9 41.9 76.4 68.6 72.3
Swin Transformer+FD 80.8 45.3 81.6 73.1 77.1
FD-YOLO 82.6 48.7 85.0 76.8  80.7

3.3 Generalizability and Stability

In order to thoroughly explore the generalization potential of the model in the pest detection task,
we used the full IP102 dataset to evaluate its generalization ability, and the experimental results are shown
in Table 3. Even when facing the challenge of a larger and more diverse dataset, FD-YOLO is still able to
demonstrate excellent pest recognition capabilities. Compared with similar models, FD-YOLO achieves the
best performance in the key metric of mAP@0.5. Therefore, FD-YOLO has a wide range of application
potential and can be flexibly adapted to detect various types of pests on different crops, showing strong
practical value and adaptability.

To verify the stability of the FD-YOLO model, we performed cross-validation. We divided the dataset
into five subsets, rotating each subset as a test set and using the rest as a training set, and tested the model
five times independently. This validation can comprehensively and objectively assess the generalization
ability and stability of the FD-YOLO model on the field pest dataset. The cross-validation results are shown
in Table 4. By comparing the results of the five experiments, we can find that the performance of the model
is very close to one another when different subsets are used as test sets, which indicates that the FD-YOLO
model has excellent stability and consistency.
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Table 3: Comparison of results across models on the IP102 dataset

mAP@0.5 mAP@0.5-0.95 Precision Recall Fl

YOLOv5 56.2 34.1 51.8 551 534
SSD 472 215 43.9 470 454
Faster RCNN 48.0 28.4 41.6 454 434
YOLOX 52.1 311 48.2 523 50.2
YOLOvS8 58.8 39.4 51.7 56.7 541
FD-YOLO 60.5 40.7 55.0 58.2  56.6

Table 4: Cross-validation results

mAP@0.5 mAP@0.5-0.95 Precision Recall Fl1

Experiment 1 82.6 48.7 85.0 76.8  80.7
Experiment 2 83.4 48.9 86.6 779  82.0
Experiment 3 83.1 49.2 84.5 76.6  80.4
Experiment 4 8L.9 48.0 85.3 774 812
Experiment 5 82.3 48.5 84.8 751 797

3.4 Confusion Matrix

The confusion matrix generated by applying the FD-YOLO model to our dataset is shown in Fig. 11. The
horizontal axis represents the true label of the target, while the vertical axis represents the predicted category
of the model for the target, and the value on the diagonal represents the recall of the category. Compared
to the YOLOV5 model, the FD-YOLO model has improved recall for all categories. Categories such as mole
cricket, thrips, and rice water weevil are not easily confused with other categories, so they achieve recalls
of 0.98%, 0.94%, and 0.93%, respectively. However, there are still some objective reasons that lead to the
unsatisfactory classification of some categories. For example, the army worm is more similar to the cutworm,
and 20% of army worms were predicted to be cutworms. Due to the varying degrees of similarity between
the larvae or adults of the rice leaf roller, rice leaf caterpillar, Asiatic rice borer, and corn borer, there is a
high rate of misclassification among them, resulting in low recall. In addition, aphids and planthoppers sufter
from small target scales and poorly characterized features, respectively, resulting in these two class instars
remaining relatively easy to confuse with background badlands.
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Figure 11: Confusion matrix

3.5 Qualitative Analysis

Six example images with high error rates were selected from the detection results of YOLOvV5 and
FD-YOLO to qualitatively analyze the specific cases of model failure, as shown in Fig. 12. In Fig. 12a, both
YOLOvV5 and FD-YOLO have different degrees of missed detection in the images due to the multi-scale
variation of the pest target and its similarity to the background. In Fig. 12b, the background environment is
complex, and YOLOV5 misdetects branches in the background as pest targets, while FD-YOLO corrects this
situation. The rice leaf caterpillar is easily misclassified as other categories due to the small number of samples
and the similarity of its characteristics with those of other multi-category pests. In Fig. 12¢, FD-YOLO is
correctly categorized, but it has low confidence. In Fig. 12d, both YOLOvV5 and FD-YOLO are misclassified in
the images, but the confidence level of FD-YOLO for the wrong category is reduced. In Fig. 12¢, both YOLOV5
and FD-YOLO are recognized correctly in the images, and FD-YOLO not only has improved confidence, but
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also has a better bounding box and reduced bounding box loss. In Fig. 12f, YOLOv5 misidentifies asiatic rice
borer as rice leaf caterpillar, and FD-YOLO has incorrect prediction frames that identify asiatic rice borer as
corn borer in addition to those that correctly identify the target. Although it improved the recall of asiatic
rice borer, this diminished the accuracy of corn borer.

YOLOvVS FD-YOLO YOLOvS FD-YOLO
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Figure 12: Example of comparison of test results

3.6 Ablation Study

In order to verify the effectiveness and advancements of each component in the FD-YOLO model, we
conducted the following ablation experiments. The FC-FPN and DSA modules were first removed one by one
to observe the effectiveness of these two modules, and the experimental results are shown in Table 5. When
only FC-FPN is used, mAP@0.5 reaches 81.3%, which is 5.5% higher than YOLOv5. This proves that FC-
FPN can better fuse multi-scale features and strengthen the model’s ability to detect targets across all scales.
When only the DSA module is used, the precision and recall are 81.2% and 72.9%, respectively, which are
1.8% and 2% higher. This proves that the DSA module enhances feature extraction and improves the ability
to discriminate between similar pests and to distinguish pest targets from the background. The mAP@0.5
of FD-YOLO is 82.6%, which is 6.8% higher than YOLOV5. This demonstrates that using the FC-FPN and
DSA modules together can better detect multi-scale and similar field pest targets in complex backgrounds.

In order to verify the advancements and lightweight nature of FC-FPN, we compare it with PANet,
ASFE and BiFPN feature fusion necks, and the experimental results are shown in Table 6, which reflects
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that FC-FPN successfully combines the advantages of both ASFF and BiFPN, reducing the model size and
accelerating the speed of detection, making it a new and effective feature fusion method.

Table 5: Results of ablation experiments

mAP@0.5 mAP@0.5-0.95 Precision Recall Fl

YOLOv5 75.8 43.9 79.4 709 749
YOLO5+FC-FPN 81.3 475 84.4 758 799
YOLOv5+DSA 78.2 45.7 81.2 729  76.8
FD-YOLO 82.6 48.7 85 76.8  80.7

Table 6: Comparison of results of each neck

mAP@0.5 mAP@0.5-0.95 Precision Recall F1 FPS GFLOPs

YOLOVS5 (PANet) 75.8 43.9 79.4 709 749 99.0 15.9
YOLOV5+ASFF 76 44.8 78.2 701 739 89.6 243
YOLO5+BiFPN 77.6 45.3 79.7 722 758 984 17.2

YOLO5+FC-FPN 81.3 475 84.4 758 799 1035 15.1

We also compare the DSA module with a variety of attention modules, including the DSA module, to
quantitatively analyze the performance, and the experimental results are shown in Table 7. The DSA module
outperforms both the Triplet attention module and the CBAM module, reflecting its advanced global infor-
mation capture and integration capabilities, which stem from the Transformer self-attention mechanism. The
enhancement of the DSA module over the STR module reflects that the channel self-attention mechanism
achieves improved feature extraction and integration.

Table 7: Comparison of attention modules

mAP@0.5 mAP@0.5-0.95 Precision Recall F1

YOLOv5+Triplet 74.6 43.7 79.0 705 745
YOLOv5+CBAM 77.8 44.6 78.4 712 74.6
YOLOV5+STR 771 451 80 719  75.7
YOLOv5+DSA 78.2 45.7 81.2 729  76.8

To visualize the effects of the various components added to the FD-YOLO model, we plotted heat maps
for schemes I, I1I, V, and VI using Gradient-weighted Class Activation Mapping (Grad-CAM ) [19], as shown
in Fig. 13. The heat map demonstrates the distribution of the model’s attention during detection through the
color shades, reflecting the important data to which the model pays attention during prediction. From the
figure, it can be seen that the YOLOvV5 model is deficient in feature extraction and information integration
for pest data, and fails to effectively capture key information from pest images. With the use of FC-FPN, the
model enhances feature reuse and fuses multi-scale information, which does not ignore pest information but
instead focuses on varying degrees of background regions unrelated to the target. With the use of the DSA
module, the model enhances its ability to discriminate between background and target, further focusing
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on pest-related features. The FD-YOLO model, on the other hand, more clearly highlights the pest target
region in the input image, which reflects the model’s success in focusing on task-critical information during
the decision-making process and demonstrates that the model learns to effectively utilize and integrate key
features of the input data during training.

YOLOv5 YOLOV5+FC-FPN YOLOv5+DSA FD-YOLO

™

Figure 13: Heat map for each scheme

4 Discussion

This study focuses on the problem of field pest detection, where early and accurate monitoring of pest
populations is crucial for pest control and prevention, effectively reducing food losses. Our proposed FD-
YOLO model significantly improves the identification and localization of target pests by addressing three
common problems: interspecific similarity, multiscale, and background complexity in pest detection tasks.

Compared with the baseline model YOLOVS5, the FD-YOLO model replaces the neck with FC-FPN and
subsequently adds the DSA module. FC-FPN improves the ability to recognize pests at multiple scales by
using a fully connected approach for multi-scale feature fusion. Heatmap Fig. 13 shows that with the use of
FC-FPN, the model enhances feature reuse and fuses multiscale information, without essentially ignoring
pest information. The enhancement of mAP in Table 6 indicates that FC-FPN has improved the model’s
ability to locate targets and the detection accuracy of pests at various scales. The DSA module not only
uses the advanced Swin Transformer for spatial self-attention, enhancing the overall attention weight of
the pest target while reducing attention to the background region, but also employs channel self-attention
to capture the dependencies between features in the channel dimension, to deeply understand the global
features of pests and enhance the model’s classification performance. Heatmap Fig. 13 shows that with the
use of the DSA module, the model further focuses on the relevant features of the pest target while ignoring
background information, reflecting the model’s enhanced ability to detect pests that are easily confused with
the background. The improvement in model accuracy shown in Table 7 demonstrates that the DSA module
strengthens feature extraction and improves the ability to discriminate between similar pests. The combined
use of the FC-FPN and DSA modules enables the model to better understand field pests, and the metrics of
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FD-YOLO outperform those of other state-of-the-art networks, indicating that the algorithm has significant
potential and value in the field of pest detection.

However, the FD-YOLO model also has some limitations. For example, for small-scale pest categories,
such as aphids, the model still confuses targets with the background due to limited target information.
In the next step, we plan to input the output of the first C3 module into FC-FPN and add a (160, 160)-
sized small-target detection head to improve the model’s detection ability for small-scale pests. However,
improving small-target recognition ability while maintaining recognition ability for normal targets is a
challenging aspect of this work. In addition, improving the DSA module to integrate both spatial and channel
dimension information to further enhance feature extraction capability and improve detection performance
for pests similar to other pests or the background is also a future priority. The FD-YOLO algorithm also has
many potential applications. For example, through domain adaptation technology, fine-tuning and transfer
learning on different pest datasets can be conducted to identify more types of pests, strengthening the
model’s recognition ability in harsh scenarios, reducing the impact of dataset bias, and adapting to tasks in
more fields.

5 Conclusion

In order to solve the interspecies similarity, multi-scale and background complexity problems of pest
target detection tasks and promote the practical application of computer vision technology in agriculture,
this paper proposes the FD-YOLO model. By improving the neck feature fusion network, designing FC-FPN,
and proposing the DSA module based on the self-attention mechanism, we enhance the detection effect of
the model for different scales of targets and improve the problems of similar pests being difficult to categorize
and easy to confuse with the background. We selected 16 pests in the IP102 pest dataset, which are widely
harmful to field crops, for data supplementation and enhancement in experiments. The experimental results
show that the FD-YOLO model’s mAP@0.5 is 82.6%, mAP@0.5-0.95 is 48.7%, precision is 85%, and recall
is 76.8%. It shows improvements of 6.8%, 4.8%, 5.6%, and 5.9% respectively over the benchmark model
YOLOV5, and the mAP@0.5 is 19.1% to 2.3% higher than other state-of-the-art models.
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