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Abstract: In recent years, there has been significant progress in object detection within the domain
of natural images. However, the field of satellite remote sensing images has consistently presented
challenges due to its significant scale variations and complex background interference. Achieving
satisfactory results by directly applying conventional image object detection models has proven
to be difficult. To address these challenges, this paper introduces BA-YOLO, an improved version
of the YOLOv8 object detection model. It incorporates several notable enhancements. Firstly, to
fuse an increased number of features more effectively, we introduce the design concept of a higher-
performing Bi-directional Feature Pyramid Network (BiFPN). Secondly, to retain sufficient global
contextual information, we integrated a module in BA-YOLO that combines multi-head self-attention
and convolutional networks. Finally, we employed various data augmentation techniques such as
Mixup, Cutout, Mosaic, and multi-scale training to enhance the model’s accuracy and robustness.
Experimental results demonstrate that BA-YOLO outperforms state-of-the-art detectors and has been
evaluated on the DOTA dataset. BA-YOLO achieves a mean average precision (mAP) of 0.722 on the
DOTA dataset.
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1. Introduction

Remote sensing object detection is a critical task in the field of remote sensing, and
its detection performance directly affects the performance of downstream tasks. This task
finds significant applications in various civilian and military domains, including search and
rescue operations [1,2], military reconnaissance, and intelligence gathering [3–9]. Unlike
typical object detection tasks, remote sensing object detection faces a unique set of chal-
lenges, including variations in scale, differences in viewpoint, changing lighting conditions,
background interference, noise interference, low imaging resolution, and significant varia-
tions in the morphology and distribution of targets [10,11]. In addressing these challenges,
remote sensing object detection requires the development of algorithms that are robust
and adaptive, enabling the effective identification and localization of targets of various
scales and types. This may involve the use of multi-scale detection strategies, consideration
of variations in target appearance under different viewpoints and lighting conditions,
mitigation of the impact of background and noise on detection results, and handling targets
in low-resolution images. In summary, remote sensing object detection is a challenging
yet highly promising field that demands ongoing research and innovation to address the
complexities of various environments and scenarios effectively.

Recently, the development of deep learning technologies has continuously broken
through the bottlenecks in the field of image processing, achieving groundbreaking progress
in areas such as object detection and tracking, image segmentation, image recognition, and
retrieval. Natural image datasets like ImageNet [12] and MS COCO [13] have propelled
advancements in object detection. However, remote sensing images have unique character-
istics where objects often exhibit arbitrary orientations, dense arrangements, and complex
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background information that introduces interference. Therefore, directly applying object
detection models designed for relatively simple background images to remote sensing
object detection often falls short of practical requirements. All these factors make object
detection in remote sensing images, which have complex backgrounds, more challenging.
Remote sensing object detection necessitates specially designed algorithms and models
to cope with the diversity, density, and complex environmental backgrounds of targets,
ensuring efficient and accurate target identification. Research in this field is continuously
advancing to meet the practical needs of remote sensing applications.

In this research, we focused on enhancing existing natural image object detection
frameworks to achieve better performance in satellite remote sensing image object detection
tasks. YOLOv8 [14] is the latest object detection framework in the YOLO family, and
compared to YOLOv5 [15], it demonstrates the best performance in object detection tasks
on natural image datasets such as COCO. However, achieving satisfactory results in satellite
image object detection tasks directly with YOLOv8 proves challenging.

We updated YOLOv8 primarily in two aspects. Firstly, the neck part of YOLOv8
utilizes the PANet [16] structure. To achieve more effective feature fusion at different
scales, this study adopts the BiFPN structure to design a new neck structure for feature
fusion. Compared to PANet, BiFPN introduces residual connections to enhance feature
representation, removes nodes with a single input edge to reduce computational complexity,
and introduces weight fusion. Weight fusion involves adding weights to various scale
features being fused, thereby adjusting the contributions of different scales to improve
the speed of object detection. Secondly, YOLOv8 uses a Convolutional Neural Network
(CNN) to construct its backbone network. CNNs excel at capturing local information,
while transformers can enhance the model’s global modeling capabilities. ACmix combines
the advantages of CNNs and transformers, allowing it to simultaneously capture local
and global semantic information. Convolutional layers can capture local features, while
self-attention can capture global dependencies. ACmix can handle both local and global
semantic information, so we replaced the C2f module in the YOLOv8 backbone network
with C2fAC, thereby improving the performance of remote sensing image object detection
tasks. The modified YOLOv8 is named BA-YOLO. Experimental results demonstrate that
BA-YOLO, proposed by us, surpasses the performance of standard YOLOv8 in detecting
targets in the DOTA dataset.

Contributions:

1. Designed a new feature fusion layer that combines the advantages of BiFPN.
2. Added the C2fAC module to enhance the model’s feature extraction capability.
3. Implemented effective training strategies, including multi-scale training and testing,

and data augmentation.
4. Achieved a mean average precision (mAP) of 0.722 on the DOTA dataset.

2. Related Work
2.1. Object Detection

The field of object detection has undergone over two decades of development, with its
task being to identify objects of interest in images or videos and accurately determine their
positions and sizes [17]. Unlike image classification tasks, object detection not only involves
object classification but also requires precise localization of objects within images. The
development of object detection can be divided into two main periods: the era of traditional
object detection algorithms (1998–2014) and the era of deep learning-based object detection
algorithms (2014–present). During the era of traditional object detection algorithms, object
detection heavily relied on traditional computer vision and image processing methods.
Some classic algorithms included methods based on feature engineering, such as Haar
feature cascades [9] and Histogram of Oriented Gradient (HOG) features [18], among
others. While these methods performed well in some scenarios, they had limitations when
dealing with challenges like multi-scale objects, complex backgrounds, and occlusions. In
the era of deep learning-based object detection algorithms (2014–present) [19–23], with
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the rise of deep learning technology, significant breakthroughs were achieved in object
detection. Deep learning demonstrated clear advantages in feature learning and repre-
sentation, enabling more effective handling of complex object detection tasks. Traditional
object detection algorithms gradually gave way to deep learning-based methods. Within
deep learning-based object detection, two main technical approaches emerged: anchor-
based methods (one-stage, two-stage) and anchor-free methods. In summary, the field
of object detection has made remarkable progress, and the application of deep learning
technology has provided new opportunities and methods for addressing various complex
object detection tasks. This field continues to evolve to meet the demands of different
application domains.

In anchor-based object detection, common two-stage algorithms like Faster R-CNN [24]
and Cascade R-CNN [25] are utilized. These algorithms are typically divided into the fol-
lowing two stages: generating region proposals and object detection. In stage 1, the
algorithm initially generates a set of candidate regions or bounding boxes from the input
image. These regions may potentially contain objects of interest. This step is often accom-
plished through a Region Proposal Network (RPN), which effectively extracts regions from
the image that might contain objects of interest and provides them for further processing in
the next stage. In stage 2, using the candidate regions generated in stage 1, the algorithm
performs actual object detection. This involves classifying each candidate region to deter-
mine whether it contains an object, as well as regressing the position and boundaries of
the object if present. Typically, this stage involves convolutional neural networks (CNNs)
along with classification and regression heads to perform these tasks.

One-stage object detection methods differ from traditional two-stage approaches in
that they eliminate the need for the region proposal stage. Instead, they directly generate the
object’s class probabilities and positional coordinates. Through a single stage of processing,
these algorithms can swiftly obtain the final detection results, resulting in faster detection
speeds. Some well-known one-stage object detection algorithms include Yolov1–5 and
RetinaNet [26]. The development of these algorithms represents the continuous progress of
the object detection field towards greater efficiency and practicality.

The anchor-free object detection algorithms discard the excessive use of anchors found
in traditional anchor-based detection methods, thus reducing computational complexity
and the number of hyper-parameters in the models. This contributes to improving model
performance. In recent years, anchor-free techniques have adopted a different approach,
no longer relying on anchors, but instead, identifying key points to accomplish object
detection. This method aims to reduce computational burden and simplify model design.
Some notable anchor-free object detection algorithms include Cornernet [27], centerNet [28],
and FSAF [29]. YOLOv8 is the latest single-stage anchor-free model in the YOLO series.
YOLOv8 achieves a score of 53.9 on the COCO dataset for mAP50–95, surpassing YOLOv5
with a score of 50.7. The outstanding performance of YOLOv8 in natural dataset object
detection tasks proves that it serves as a foundational framework for object detection in
remote sensing images.

2.2. Feature Fusion and Applications

In many deep learning tasks, such as object detection and image segmentation, in-
tegrating features from different scales is a crucial technique for improving performance.
Low-level features have higher resolution and contain more positional and fine-grained in-
formation, but they have lower semantic meaning and may include more noise. High-level
features, on the other hand, carry stronger semantic information but have lower resolution
and may lack the ability to perceive fine details. Efficiently fusing these two types of
features while leveraging their respective strengths and mitigating their weaknesses is the
key to enhancing object detection models.

To address this challenge, the authors of FPN [30] and other researchers proposed that
by fusing low-level features with high-level features, it is possible to construct a detection
system that can accurately recognize and precisely locate objects. Unlike previous feature
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fusion methods, predictions in FPN are performed separately on each fused feature layer.
Subsequent experiments have shown that this approach can achieve excellent prediction
results. Following this, some researchers developed new algorithms based on FPN, such
as NAS-FPN [31] and AUTO-FPN [32], among others. In contrast, PANet was the first
to introduce a two-stage fusion approach, incorporating both bottom-up and top-down
fusion pathways on top of the FPN architecture. BiFPN is a more efficient feature pyramid
network compared to PANet. The introduction of bidirectional flow and skip connections
in BiFPN enhances the passage of features and information flow. It is precisely because
BiFPN is better at handling multiscale features that we incorporated BiFPN into the baseline
model to achieve better object detection performance.

2.3. Multi-Head Self-Attention

Currently, transformer models, as discussed in reference [33], dominate the fields of
natural language processing and target recognition and detection. This is because they
excel at learning complex dependencies between input sequences through self-attention
mechanisms. When dealing with large-scale and intricate scene images, such as those
captured by drones or satellite remote sensing, it is crucial to enhance semantic distinc-
tiveness and reduce category confusion. Gathering and associating scene information
from extensive neighborhoods contribute significantly to understanding relationships be-
tween objects. Traditional target detection models based on CNNs are constrained by
the locality of convolution operations, limiting their ability to capture global contextual
information. In contrast, transformers, with their multi-head self-attention mechanisms,
are more proficient at preserving spatial information, allowing them to globally attend to
the dependencies between image feature blocks. This, in turn, enhances the performance of
target detection models.

Additionally, the Swin transformer [34] introduces a novel attention mechanism
known as Shifted Window (Swin) Attention, which enables the model to effectively process
large-scale images and capture information at various scales. This attention mechanism
achieves this by dividing the image into different blocks, with overlapping regions between
each block to ensure the consistency of global information. The integration of Shifted
Window Attention equips the model to handle large images better, making it suitable
for computer vision tasks involving high-resolution images. Compared to traditional
CNNs, visual transformers exhibit greater robustness when dealing with severe occlusion,
disturbances, and domain shifts. Therefore, an intuitive approach to enhancing detection
performance is to embed transformer layers into a pure convolutional backbone, providing
more contextual information and learning more discriminative feature representations
without significantly increasing the parameter count. To better integrate the advantages
of multi-head attention and convolutional networks, the ACmix model was proposed
by Pan et al. [35]. The ACmix model integrates self-attention and convolution modules
by sharing the same computationally intensive operations, thereby improving detection
accuracy while maintaining efficiency. Therefore, to more effectively capture features, we
added ACmix to the baseline model.

2.4. Data Augmentation

Data augmentation plays a crucial role in the processing of remote sensing image
data. Remote sensing images typically contain rich information but can be affected by
factors such as noise, varying lighting conditions, different seasons, and viewing angles.
Therefore, data augmentation is essential for enhancing the performance and generalization
capabilities of deep learning models when dealing with these images. Common traditional
data augmentation methods include random rotations, flips, scaling, cropping, adjustments
to brightness and contrast, and color space transformations. In addition to these techniques,
more recent approaches such as Mixup [36], Cutout [37], and Mosaic [38] have been
introduced. Mixup involves blending two or more images in specific proportions to create
new images. Cutout randomly erases a portion of an image and fills it with a fixed color
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to introduce randomness. Mosaic combines multiple images by randomly assembling
them into a single larger image, thereby increasing data diversity. Furthermore, empirical
evidence has shown that stopping the use of Mosaic during the later stages of training can
lead to improved performance in object detection models. This highlights the significance
of adapting data augmentation strategies throughout the training process. Multi-scale
training [39] is also a commonly used technique in deep learning and object detection. It
typically involves using data at different scales (or resolutions) to train a model, enabling
the model to better adapt to various input scenarios, with the aim of improving the model’s
performance and robustness. Therefore, in this paper, the baseline network integrates these
data augmentation strategies.

3. Materials and Methods
3.1. Overview of YOLOv8

YOLOv8 is a state-of-the-art (SOTA) model that builds upon the success of previous
YOLO versions while introducing new features and improvements to further enhance
performance and flexibility. Specific changes include YOLOv8 introducing a new backbone
network. The most significant change is in the head section, which replaces the coupled
head of YOLOv5 with a decoupled head and transitions from YOLOv5’s anchor-based
approach to anchor-free. YOLOv8 utilizes a new loss function, where loss incorporates
the Task-Aligned Assigner positive sample allocation strategy and introduces Distribution
Focal Loss. The YOLOv8 model is capable of running on various hardware platforms,
ranging from CPUs to GPUs. Furthermore, in the backbone network and neck section,
YOLOv8 replaces YOLOv5’s C3 structure with a C2f structure that offers a richer gradient
flow. Different channel numbers are adjusted for models of various scales, and this change
significantly improves model performance. When the YOLOv8 model was tested on the
COCO dataset, YOLOv8 showed a significant improvement in mAP, parameter count, and
FLOPs results compared to YOLOv5 and YOLOv7 [40] in terms of object detection accuracy.
In order to make YOLOv8 more suitable for object detection tasks in remote sensing images,
we made some modifications to YOLOv8.

3.2. BA-YOLO

The architecture of our proposed BA-YOLO for remote sensing image object detection
is depicted in Figure 1.

3.2.1. C2fAC

Recently, with the emergence of vision transformers, modules based on self-attention
have shown comparable or even better performance in many visual tasks compared to
CNN counterparts. In the Hybrid Attention Mechanism ACmix proposed by Pan et al. [35],
the input features are first mapped using convolution to obtain a rich set of intermediate
features. Then, these intermediate features are reused and aggregated according to different
patterns (using self-attention and convolution methods), fully leveraging the inherent
relationships between convolution and self-attention. The ACmix structure is depicted
in Figure 2. First, input feature mapping is performed using three 1 × 1 convolutions.
Next, the use of intermediate features follows two paradigms. Features from both paths are
added together and serve as the final output. In this paper, by incorporating ACmix into
the C2f module, it can capture more features, resulting in C2fAC. Unlike SPH-yolov5 and
TPH-yolov5, where transformers and Swin transformers are respectively fused into the
C3 module and placed in the model’s neck as detection heads, in this paper, we place the
self-attention modules in the backbone section, using transformer layers early to enforce
boundary regression. When the network is relatively shallow and the feature maps are
relatively large, the model may lose some meaningful contextual information.
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3.2.2. BIFPN

In remote sensing image object detection, there can be significant variations in the
sizes of target objects, such as small vehicles and football fields. By propagating high-level
features down to complement the semantics of lower-level features, it is possible to obtain
high-resolution and semantically rich features, which are advantageous for the detection of
small objects.
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PANet further explores cross-scale connections, as illustrated in Figure 3a. In this work,
as depicted in Figure 3b, a simple yet efficient Weighted Bi-Directional Feature Pyramid
Network (BiFPN) was introduced to optimize cross-scale connections. The introduction
of BiFPN significantly improved the performance of EfficientDet [41]. It enabled the
model to better handle objects of different scales and improved detection performance.
BiFPN achieves effective integration of multi-scale features through the introduction of
bidirectional cross-scale connections and fast normalization fusion with learnable weights.
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Firstly, we eliminated nodes with only one input edge. Furthermore, if the initial input
node aligns with the output node at the same network level, we introduce an additional
connection from the original input node to the output node.

Secondly, BiFPN introduces learnable weights when merging low-level and high-level
features to learn the importance of different input features, rather than simply summing

or connecting them. Formally, given a list of multi-scale features
→
P

in
= (Pin

l1 , Pin
l2 , . . .),

where Pin
l1 presents the feature at level li. The list of intermediate features on the pathway

is represented as
→
P

td
= (Ptd

l1 , Ptd
l2 , . . .). Our goal is to find a method f :

→
P

out
= f (

→
P

in
)

that effectively aggregates different features and produces a set of new features as output.
Figure 3a illustrates the conventional top-down and bottom-up PANet. It takes level 3–7

input features,
→
P

in
= (Pin

3 , . . . , Pin
7 ), where Pin

li
represents a feature level with a resolution of

1/2i. The traditional PANet aggregates multi-scale features in a simple summation manner,
for example, at layer 4:

Ptd
4 = Conv(Pin

4 + Resize(Ptd
5 )) (1)

Pout
4 = Conv(Ptd

4 + Resize(Pout
5 )) (2)

whereas Resize is usually an upsampling or downsampling operation performed to match
the resolution, Conv is typically a convolution operation used for feature processing. BiFPN
integrates bidirectional cross-scale connections along with fast normalization fusion with
learnable weights. As a specific example, here, we describe the fusion of two features at
level 4 in BiFPN, as shown in Figure 3b.

Ptd
4 = Conv(

w1·Pin
4 + w2·Resize

(
Ptd

5

)
w1 + w2 + ε

) (3)

Pout
4 = Conv(

w’
1·Pin

4 + w’
2·Resize

(
Ptd

4

)
+ w’

3·Resize
(

Pout
3
)

w1 + w2 + w3 + ε
) (4)
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In the above formulas, Ptd
4 represents the intermediate feature at level 6 on the top-

down pathway, and Pout
4 represents the output feature at level 4 on the bottom-up pathway.

All other features are constructed in a similar manner. The key difference from the original
BiFPN proposed in EfficientDet is that, in this paper, the neck section chooses to take three
outputs from the backbone as inputs instead of five. The three outputs from BiFPN are fed
into the final fully connected layer. The purpose of doing this is to improve the detection of
objects at various scales.

Directly connecting the outputs of BiFPN to the classification layer would result in a
huge number of parameters. While BiFPN is effective in achieving efficient bidirectional
cross-scale connections and weighted feature fusion, resizing operations through convo-
lutional networks are required to ensure that all scales have the same dimensions during
feature weighting. This also leads to the large dimensions of the output at each layer of the
final BiFPN network. In this paper, to enable efficient feature fusion while minimizing the
increase in parameters, we have made modifications to the BiFPN structure by introducing
an additional set of unweighted feature fusion networks, as illustrated in Figure 4.
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4. Experiments
4.1. Datasets and Evaluation Metrics

The DOTA dataset comprises 400,000 annotated object instances from 16 different
categories. The images in this dataset are primarily sourced from the China Center for
Resources Satellite Data and Application (CRESDA), Google Earth, JL-1 satellite, and GF-2
satellite. It includes 2806 aerial images captured by various sensors and platforms, with
each image having a size of up to 4000 × 4000 pixels. The dataset encompasses a wide
range of object categories, including the following: plane, ship, storage tank, baseball
diamond, tennis court, basketball court, ground track field, harbor, bridge, large vehicle,
small vehicle, helicopter, roundabout, soccer ball field, swimming pool, and container
crane. These diverse categories make the DOTA dataset valuable for object detection and
related computer vision tasks. As shown in Table 1, objects between 10 and 50 pixels in
size are referred to as small objects, while objects larger than 300 pixels are categorized
as large objects. Objects with sizes between 50 and 300 pixels are considered medium-
sized objects. Therefore, we cropped the DOTA dataset into 40,000 images with a size of
1024 × 1024 pixels. We chose precision (P), recall (R), and mean average precision (mAP)
as evaluation metrics.

Table 1. The distributions of the instance size for the DOTA datasets.

Dataset 10–50 Pixels 50–300 Pixels >300 Pixels

DOTA 79% 20% 10%
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The definitions of P and R involve the true positive (TP), false positive (FP), true
negative (TN), and false negative (FN). Precision is the proportion of true positive samples
in the positive classification prediction results.

P =
TP

TP + FP
(5)

Recall is the proportion of successfully captured true positives among all actual
positive instances by the model.

R =
TP

TP + FN
(6)

Mean average precision (mAP) is the average of precision values (APs) calculated for
each class.

mAP =
∑N

0 APN

N
(7)

In the given formula, N denotes the total number of classes. APN represents the
average precision for class n, which is numerically equal to the area covered by the precision–
recall function curve along with the coordinate axes. AP can be calculated using the area
under the P–R curve.

AP =
∫ 1

0
P(R)dR (8)

4.2. Implementation Details

In this paper, BA-YOLO is implemented in the PyTorch framework and is currently be-
ing trained and tested on an NVIDIA Tesla A100 GPU with 40GB of memory. The YOLOv8
model is initially trained on the COCO dataset. To save training time, we employed a
transfer learning strategy by directly using a pre-trained YOLOv8 model. During the train-
ing phase, we utilized the pre-trained YOLOv8 backbone network model from the COCO
dataset for transfer learning. We employed the SGD optimizer with an initial learning
rate of 0.01. The number of training epochs was set to 150, and the first 3 epochs used
a learning rate warm-up strategy, which is a common technique for optimizing learning
rates. The learning rate gradually decreased from 0.1 to 0.01 during these initial 3 epochs.
Learning rate warm-up helps stabilize the training of deeper models. The batch size was
set to 8, the probability for Mosaic data augmentation was set to 1.0, and the probability
for Mixup data augmentation was set to 0.7. Additionally, during the final few epochs
of training, we disabled Mosaic data augmentation, which contributed to improving the
model’s performance. Other detection models, such as Faster R-CNN, RetinaNet, SSD,
YOLOv3, YOLOv5, and others, were validated using the default settings provided in their
respective literature.

4.3. Experimental Results

We tested BA-YOLO on the DOTA dataset and compared it with other representative
models, as shown in Table 2. On the DOTA dataset, our method achieves an mAP of 0.722,
which is 0.036 higher than that of YOLOv8. This result demonstrates the effectiveness of
BA-YOLO in satellite image object detection.

In order to better assess the model’s performance, we plotted P–R curves for each
category as shown in Figure 5, and calculated the area under the curve, known as AP
(average precision). A higher AP value indicates better detection performance. Additionally,
two crucial parameters for evaluating deep learning models are the Intersection-over-Union
(IoU) threshold and the confidence threshold. Next, in Figure 6, we separately computed
the confusion matrix for BA-YOLO on the DOTA test dataset using an IoU threshold of
0.5 and a confidence threshold of 0.25. The confusion matrix is a tool for summarizing
and visualizing the predictions of a classification problem. It counts the number of correct
and incorrect predictions, categorizes them by each class, and illustrates the model’s
performance on different classes, including potential sources of confusion. As shown in
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Figure 6. The confusion matrix visually presents the classification results for each category.
Each row represents the predicted categories by the model, each column represents the
actual categories, and the data on the diagonal line represent the proportion of correctly
classified categories. The confusion matrix helps us understand how the model performs
on different classes, including which classes are prone to confusion or misclassification,
thus aiding in further analysis and model performance improvement.

Table 2. Test results on the DOTA test dataset for different detection models.

Method P R mAP

Faster R-CNN 0.710 0.594 0.631
RetinaNet 0.714 0.585 0.622

SSD 0.696 0.522 0.561
YOLOv3 0.715 0.546 0.587
YOLOv5 0.760 0.601 0.645

TPH-YOLOv5 0.785 0.643 0.683
SPH-YOLOv5 0.806 0.683 0.716

YOLOv8 0.719 0.647 0.686
BA-YOLO 0.769 0.690 0.722
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The high false negatives (FNs) for the container crane category in the DOTA dataset
can be attributed to the significantly lower number of training samples available for this
category compared to other classes. The lack of training samples leads to limited feature
extraction, resulting in a high FN rate. The high FN rate for the container crane category
implies that a majority of objects belonging to this category are being missed by the model,
and, consequently, the corresponding average precision (AP) for this category is much
lower compared to others. On the other hand, it is evident that the category of small
vehicles is prone to being missed. This is because, although there are sufficient training
samples for small vehicles in the dataset, they are considered tiny objects with significant
variations in scale, size, and orientation. Additionally, small vehicles in the images may
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be situated in dark shadows, obscured by buildings, or densely parked in parking lots,
making their detection challenging in such environments.
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Figure 7 showcases some visual results from our BA-YOLO on the DOTA dataset.
The detected bounding boxes are color-coded according to different categories. Figure 8
showcases some visual results from the YOLOv8 detection model on the DOTA dataset.
The confidence number calculation method in Figures 7 and 8 is as follows:

Ci = Pr(Classi|Object)× Pr(Object)× IoU(pred, truth) (9)

The term Pr(Classi|Object) represents the probability of each detected category, Pr(Object)
indicates whether the center of the object falls within the grid cell, and IoU(pred, truth) is the
Intersection-over-Union value between the predicted box and the ground truth.

We tested the inference speed of several algorithms in the same environment, as
shown in Table 3. Our proposed model, BA-YOLO, is more complex than other models,
but it still has a speed advantage compared to TPH-YOLOv5 and SPH-YOLOv5. How-
ever, it is somewhat slower compared to YOLOv5 and baseline model YOLOv8. In the
future, we will explore ways to simplify the model and improve inference speed while
maintaining accuracy.
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Table 3. Inference time on the DOTA test dataset for different detection models.

Models Inference Time (Per Picture)

YOLOv5 10.6 ms
YOLOv8 10.4 ms

TPH-YOLOv5 32.5 ms
SPH-YOLOv5 19.5 ms

BA-YOLO 14.6 ms

4.4. Ablation Experiments

In this section, we will conduct a comprehensive ablation study on the DOTA test
subset to analyze our algorithm, as shown in Table 4. Based on the baseline model YOLOv8-
L, we introduced a simple yet effective weighted path aggregation method to replace
PANet. We also embedded the C2fAC with ACmix module into the original YOLOv8
model. The multi-scale technique also contributes to improving the detection performance
of BA-YOLO. Table 4 presents the comparison of results among the four models.

Table 4. The effects of the YOLOv8 combining different modules on the DOTA dataset.

Models mAP50 mAP50–95

YOLOv8 0.686 0.462
YOLOv8 + C2fAC 0.702 0.486
YOLOv8 + BiFPN 0.708 0.489

BA-YOLO 0.722 0.499

5. Conclusions

Satellite images possess several prominent characteristics, including significant scale
variations, complex backgrounds filled with distractions, and diverse perspectives, which
pose tremendous challenges for general object detectors based on common convolutional
networks. In this study, we upgraded the latest natural image detection technology
YOLOv8 model to the BA-YOLO model, tailored for satellite images. We improved the
YOLOv8 network structure according to the characteristics of remote sensing images. In
BA-YOLO, we introduced the BiFPN structure as a feature fusion network and employed
learnable weights for fast normalization fusion, effectively reducing the loss of target
feature information and enhancing detection performance in satellite images. Addition-
ally, we introduced the C2fAC module, which combines the advantages of multi-head
attention and convolutional networks, enhancing the model’s detection accuracy. The
BA-YOLO model was tested on the widely used DOTA dataset, achieving an mAP of
0.722, surpassing other models. This fully demonstrates the effectiveness of BA-YOLO for
satellite image object detection. In the future, we will strive to improve object detection
speed while maximizing the model’s detection accuracy to the greatest extent possible.
Despite BA-YOLO achieving satisfactory object detection accuracy in satellite images, its
performance in detecting small targets is not particularly ideal. In future work, we plan to
incorporate image super-resolution techniques to enhance the research on target detection
in satellite images.
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