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Abstract: Vehicle detection plays a crucial role in the field of autonomous driving technology. However, directly applying deep learning-based object detection algorithms to complex road scene images often leads to subpar performance and slow inference speeds in vehicle detection. Achieving a balance between accuracy and detection speed is crucial for real-time object detection in real-world road scenes. This paper proposes a high-precision and fast vehicle detector called the feature-guided bidirectional pyramid network (FBPN). Firstly, to tackle challenges like vehicle occlusion and significant background interference, the efficient feature filtering module (EFFM) is introduced into the deep network, which amplifies the disparities between the features of the vehicle and the background. Secondly, the proposed global attention localization module (GALM) in the model neck effectively perceives the detailed position information of the target, improving both the accuracy and inference speed of the model. Finally, the detection accuracy of small-scale vehicles is further enhanced through the utilization of a four-layer feature pyramid structure. Experimental results show that FBPN achieves an average precision of 60.8% and 97.8% on the BDD100K and KITTI datasets, respectively, with inference speeds reaching 344.83 frames/s and 357.14 frames/s. FBPN demonstrates its effectiveness and superiority by striking a balance between detection accuracy and inference speed, outperforming several state-of-the-art methods.
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1  Introduction

In recent years, there has been a substantial increase in global vehicle ownership, accompanied by the growing complexity of traffic scenarios, which places significant pressure on driving safety. The adoption of intelligent driving is widely acknowledged as an inevitable solution for transforming transportation systems, given its potential to greatly enhance both safety and efficiency [1]. Generally, intelligent automotive software possesses three primary capabilities: perception, planning, and control [2]. Out of these, the effectiveness of environment perception directly influences the quality of vehicle decision-making and control. Hence, an accurate environment perception system is an essential prerequisite for mitigating traffic accidents [3].

In the past decades, machine vision system [4] has made a substantial and direct impact on a wide range of detection applications. Vision-based vehicle detection [5] has been proven to be a powerful tool with widespread applications in traffic management, intelligent security, and driver assistance systems. The accurate detection of vehicles on urban roads has become indispensable for autonomous driving [6,7]. Correspondently, the core part underpinning accurate detection technology, i.e., vehicle detection algorithm, has been paid significant attention in academic research [8].

Rapid advances in artificial intelligence, particularly in convolutional neural networks (CNNs), have led to significant progress in deep learning, which is now extensively used in object detection [9]. Deep learning-based vehicle detection techniques can generally be classified into one-stage and two-stage methods. In comparison to two-stage algorithms, one-stage algorithms achieve a superior balance between accuracy and speed, making them more suitable for vehicle detection scenarios where speed is of utmost importance [10]. The you only look once (YOLO) family stands out as the most widely adopted detection framework in industrial applications due to its ability to provide a favorable compromise between accuracy and speed. In 2023, Ultralytics launched the YOLOv8 algorithm [11] as an extension of the successful YOLOv5, which includes additional features and improvements. Presently, this updated network outperforms all prior state-of-the-art models for object detection in terms of speed and accuracy.

Despite the advancements in vision-based vehicle detection methods, persistent challenges still remain, for the road traffic environment is complicated and keeps evolving [12,13]. These challenges include variations in lighting conditions, mutual occlusion or overlap among closely parked vehicles, as well as the limited and vulnerable feature information of small target vehicles in the distance, which are easily interfered with by complex backgrounds. Consequently, these factors result in insufficient representation of vehicle details in images, leading to a high ratio of false positives and false negatives in detection. Moreover, in practice, high inference speed is tremendously demanded. Therefore, it is imperative to conduct research on an efficient detection algorithm that will grapple with challenges presented in complex scenes. In scenarios where computational resources are limited and there is a high requirement for accuracy and speed, there remains potential for enhancing the YOLOv8 algorithm. This proposal introduces a novel approach called feature-guided bidirectional pyramid network (FBPN) for vehicle detection in complex environments. It is based on YOLOv8 and consists of two main components: the efficient feature filtering module (EFFM) and the global attention localization module (GALM). The contributions of this work are summarized as follows:

(1)   We propose a scheme that strengthens the extraction and fusion process of vehicle feature information from the channel dimension, based on the diversity of information in the feature layers. This scheme achieves both fast inference and high detection accuracy in vehicle detection. The intensive qualitative and quantitative trials conducted on two autonomous driving datasets demonstrate that the designed method achieves a superior balance between speed and accuracy compared to other existing methods.

(2)   We design an efficient feature filtering module (EFFM), by leveraging a local channel attention mechanism to generate attention weights among different channels. This mechanism enhances the local feature information for vehicles under complex backgrounds and challenging lighting conditions, including strong light, low light, and backlight. Simultaneously, it effectively suppresses the interference caused by irrelevant occlusion information.

(3)   We propose a global attention localization module (GALM) to leverage global contextual information to guide low-level features in accurately selecting the localization detail of detected object categories. Additionally, considering the characteristics of the dataset, the 3-scale detection of the feature detection network is improved to 4-scale detection. As a result, this enhancement leads to improved detection accuracy for small target vehicles in far-field scenes and reduces the missed detection rate of vehicles.

The remaining part of the paper proceeds as follows: Section 2 provides a concise review of the related literature. Section 3 comprehensively explains the structure of the FBPN algorithm. In Section 4, we present the experimental setup, including the datasets used and the evaluation metrics employed for assessing the performance. In Section 5, experimental results and discussions are presented for two datasets. Finally, the conclusions of this study are presented in Section 6. The code is available at https://github.com/AZKB1122/FBPN.

2  Related Work

Object detection aims to equip autonomous vehicles with the capability to perceive real-world driving scenarios. Due to advancements in computational resources, state-of-the-art object detection algorithms are predominantly based on CNNs. Generally, object detection network models can be categorized into two general groups.

The first category of object detection algorithms is two-stage detection algorithms, which are based on region proposals and demonstrate excellent detection accuracy and precise positioning. This method splits the object detection process into two distinct stages. Firstly, it generates a set of bounding boxes, which is then followed by regression and classification in the subsequent phase. Region with convolution neural network (R-CNN) [14] is the pioneer in the two-stage object detection algorithms. While CNNs have been shown to improve detection accuracy, R-CNN’s complex training process and slow detection speed present significant challenges in practical real-life applications. In order to tackle such issues, successive solutions such as Fast R-CNN [15] and Faster R-CNN [16] have been introduced. Notably, Faster R-CNN addresses these challenges by substituting the time-intensive selective search algorithm with a more computationally efficient region proposal network (RPN). Multiple region-based object detection methods have given rise to numerous two-stage techniques specifically designed for vehicle detection. To address the issue of significant scale variations among different vehicle types, Ghosh [17] developed a multi-region proposal network employing multiple RPNs with varying scales to generate regions of interest (ROIs) for detecting and tracking road vehicles. To tackle the challenges of inadequate candidate boxes, suboptimal positive proposal sampling, and underperforming classification in vehicle detection models, Gao et al. [18] employed the fully convolutional one-stage object detection (FCOS) approach in both the RPN and RCNN stages. Their research achieved remarkable enhancements in vehicle detection performance across diverse remote sensing environments. In order to address the challenging task of object detection in adverse conditions, including situations influenced by shadows and varying levels of illumination, a novel model based on Faster R-CNN with optimized neural architecture search (NAS) was proposed [19]. Nonetheless, these approaches encounter challenges related to slow training speed and suboptimal real-time performance, which pose difficulties in meeting the demands of real-time detection.

The second category is called regression-based one-stage detection algorithms. These algorithms simultaneously perform classification and regression for each prior box in the feature map, rendering them highly suitable for real-time applications. The pioneering algorithm in this approach was YOLO [20], followed by the single-shot multi-box detector (SSD) [21]. However, when compared to two-stage object detection algorithms, the YOLO algorithm detects only a limited number of objects from anchors, resulting in lower accuracy. In contrast, SSD enhances the detection accuracy of small objects. Researchers have made improvements to these methods and enhanced object detectors, specifically designed for vehicle detection. For instance, considering the limited computational resources in autonomous driving systems, Chen et al. [22] used MobileNet v2 to rebuild the backbone network of SSD. Additionally, they incorporated an attention mechanism to enhance the inference speed and precision of their vehicle detection algorithm. To tackle the challenges posed by occlusion in object detection, Deng et al. [23] integrated YOLO with a multi-scale hybrid attention mechanism. Acknowledging the difficulties associated with deploying complex vehicle detection algorithms on mobile devices, they proposed a strategy that utilizes depthwise separable convolution and C3Ghost modules to effectively reduce the model parameters [24].

3  Methods

3.1 Proposed Network Structure

YOLOv8 demonstrates its adaptability to various scenarios by dynamically adjusting the depth and width of the network. Specifically, in this study, we adopted the YOLOv8-S model, with a network width parameter of 0.50 and a depth parameter of 0.33. Building on it, we introduce the FBPN, which enables high-precision real-time detection of vehicles in complex scenarios. The architecture of FBPN is depicted in Fig. 1. To improve the detection performance, EFFM was incorporated into YOLOv8-S. This integration allows for the allocation of more attentional resources to the target area and effectively reduces interference from irrelevant background information. Furthermore, GALM uses the global context generated from high-level features as guidance for low-level features. This module produces merged features that consider both robust semantic information and geometric detailed information. In order to enhance small object detection without compromising the detection performance of other objects, the feature detection network’s scale detection has been improved, from 3-scale to 4-scale.
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Figure 1: Architecture of the proposed FBPN

3.2 Efficient Feature Filtering Module

In challenging environments, vehicle detection tasks encounter various difficulties. These challenges include complex and unpredictable traffic conditions, diverse lighting conditions (such as backlighting, strong lighting, and low lighting), occlusion between densely arranged vehicles, and image blurring caused by vehicle motion. All these factors collectively contribute to diminished contrast between the vehicles and backgrounds, thereby impeding the accurate capture of vehicle boundaries. In some circumstances, visual differentiation of the vehicles may be unattainable.

YOLOv8 utilizes C2f modules to achieve a lightweight network and obtain much richer gradient flow information. However, limitations still exist in terms of feature extraction efficiency for vehicle detection in complex environments. This is because C2f modules tend to overlook the significant differences between targets and background feature information during the generation of high-level features. As a result, the feature extraction ability of the original backbone network will be insufficient to meet the requirements of vehicle detection in complex scenarios.

Recently, attention mechanisms have gained significant popularity in enhancing the accuracy of object detection in complex backgrounds [25–27]. The attention mechanisms enable the weighting of feature information based on learned attention weights. Information deemed less relevant is assigned lower weights, whereas information deemed more relevant is assigned higher weights. This allows for the separation of important features from background noise. The spatial attention mechanism is one of the attention mechanisms that is commonly used to assign weights to input feature information from the spatial dimension using operations such as convolution and pooling. However, studies demonstrate that incorporating spatial attention mechanisms does not improve detection performance obviously when applied in scenarios where the target and background characteristics exhibit similarity, making feature extraction especially arduous.

In contrast, channel attention mechanisms have shown superiority in improving feature extraction, which would be a promising alternative to spatial attention mechanisms. These mechanisms assign weights to input feature channels based on their mutual relationships. They assign larger weights to channels containing target features and smaller weights to channels highlighting background noise. ECA-Net [28], for example, enhances the ability to capture inter-channel dependencies by improving the dimensionality reduction operation of SENet [29]. As a lightweight local inter-channel interaction attention module, ECA-Net avoids the massive computational requirements needed to analyze the correlation of each channel to all channels within the global channel scope.

EFFM references ECA-Net and uses local channel attention. The structure of EFFM is shown in Fig. 2.
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Figure 2: Structure of the EFFM

The local channel attention compresses the input feature map from its spatial dimension to a 1 × 1 × C feature map through a global average pooling operation. Subsequently, cross-channel interaction information is captured through a one-dimensional convolution. The kernel size, denoted as k, represents the number of neighboring channels involved in the attention prediction for each channel. A nonlinear mapping relationship exists between k and the channel dimension C, which can be expressed mathematically by [28]:

k=|log2C+bγ|odd(1)

where |x|odd is the nearest odd number of x, C is the channel dimension of the input feature map. In this study, parameters b and γ are assigned values of 1 and 2 throughout all the experiments, respectively.

The weight coefficient for each channel is determined using the sigmoid activation function. This ensures that the weight coefficient falls within the range of 0 to 1, representing the importance of each channel. Ultimately, EFFM assigns these weight coefficients to the input feature space, thereby improving the representation of target features and reducing the impact of background noise.

For its backbone network, YOLOv8 uses cross-stage partial network (CSPNet) as the fundamental concept, which employs five convolutional layers to extract multi-scale features, as indicated in Fig. 3 (C1-C5). The sizes of these feature layers are 320 × 320, 160 × 160, 80 × 80, 40 × 40, and 20 × 20 pixels, respectively. As the network undergoes multiple downsampling operations, the C5 layer obtains a lower resolution but contains richer channel feature information. Therefore, EFFM is integrated into C5. In order to mitigate potential gradient issues and prevent any potential degradation of network performance during the deep feature extraction process, EFFM retains the residual structure from the original C2f module. This integration ensures the stability of gradients and maintains the overall network performance.
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Figure 3: Feature fusion process of the FBPN

3.3 Global Attention Localization Module

The neck network of YOLOv8 combines the principles of the feature pyramid network (FPN) [30] and the path aggregation network (PAN) [31] for cross-scale feature fusion. As shown in Fig. 3, FPN strengthens the semantic features of the entire feature pyramid through the top-down pathway Pi and lateral connection Li. However, it fails to transmit detailed location information from shallow layers to deep ones. To address this limitation, PAN complements FPN by introducing a bottom-up pathway Ni and lateral connection Lj, enabling the transmission of precise positional features from shallow layers to deep layers. This process improves the multi-scale localization capability.

In complex environments, vehicle detection poses challenges due to limited feature information for occluded and small target vehicles. Moreover, small target vehicles in the distance are highly influenced by environmental lighting and background noise. The shallow layer C2 contains the texture and edge features of the targets, providing more positional and detailed information. However, the original YOLOv8 sends the feature maps C3, C4, and C5 obtained from the backbone to the neck for feature fusion, while excluding the shallowest feature map C2 with fewer semantic features. As the network deepens, operations like convolution and pooling can further deplete the already scarce information. Therefore, effective fusion of multi-scale features is crucial to address these issues and optimize the use of the available feature information.

By fusing multi-scale features effectively, it becomes possible to incorporate both rich geometric details from shallow features and powerful semantic information from high-level features. This fusion process helps to retain important information and prevents loss during the feature fusion stage.

By performing an upsampling and convolution operation on P3, P2 was obtained that has a larger receptive field and stronger semantic information after being fused with Ci through FPN. As shown in Fig. 4, GALM draws inspiration from the global attention upsample (GAU) [32] module and uses global average pooling to provide global context that guides shallow features to select category localization information.
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Figure 4: Structure of the GALM

In GALM, a global average pooling operation is performed on P2, generating channel-wise statistics. Formally, a statistic Z∈RC is generated by shrinking P2 through its spatial dimensions H×W, such that the c-th element of Z is calculated by [29]:

zc=1H×W∑i=1H∑j=1Wp2c(i,j)(2)

Further, the excitation operator is utilized to fully capture channel-wise dependencies. This operator allows for the adaptive assignment of different weights to the channels. The generated weight vector s is used to assign weights to the channels in C2 [29]:

s=Fe(z,W)=σ(W1δ(W0z))(3)

where Fe represents the excitation mapping, W0 is a fully connected layer with parameters W0, δ refers to the ReLU function, W1 is a fully connected layer with parameters W1, σ is the sigmoid function.

In GALM, shortcut connections in residual structures are introduced to preserve semantic information of P2 without adding parameters and increasing computational complexity. Moreover, these connections enhance gradient values for backpropagation between layers, aiding in effective training of the network. After the feature fusion process, a new feature map N2 is generated with a size of 160 × 160 × 128. This new feature map preserves more geometric and semantic information. Furthermore, by combining the original three detection heads, the newly generated four detection heads structure effectively improves the model’s sensitivity to small vehicle features while mitigating the negative impact of severe scale changes on the object detector.

4  Experiments

4.1 Datasets and Implementation Details

Two mainstream autonomous driving datasets were used to evaluate the performance of the proposed model. The detailed information of these datasets is described as follows:

(1) BDD100K Dataset [33]: BDD100K is a dataset that is widely used for research and evaluation in autonomous driving. It consists of 10 classes with 100,000 images, covering various weather conditions, road traffic scenarios, and time periods of day-daylight, dusk, and night-time road scenes. For our experiment, we focused on three categories-Car, Bus, and Truck- and used a subset of 7,000 images with a total of 65,535 labels. Each image has a resolution of 1280 by 720 pixels, and we split the dataset into a training set (5,670 images), a validation set (630 images), and a test set (700 images) according to an 8:1:1 ratio.

(2) KITTI Dataset [34]: The KITTI dataset was jointly created by Toyota’s American Technical Research Institute and the Karlsruhe Institute of Technology in Germany. It is currently one of the most representative datasets for autonomous vehicle detection, containing a total of 7481 actual road images captured by in-vehicle cameras in different environments such as urban, rural, and highways. For our experiment, we selected three categories-Car, Van, and Truck-out of eight categories and split the dataset into a training set (6058 images), a validation set (674 images), and a test set (749 images). This dataset is used to validate the generalization ability of the proposed method.

Windows operating system and PyTorch framework were used to implement the FBPN model proposed in this article. In the experiments, hyperparameters were configured as follows: a step decay learning rate schedule with an initial learning rate of 0.0001 was employed; momentum was set to 0.937 and weight decay to 0.0005. Additionally, to effectively showcase the structural benefits of the proposed model, we employed stochastic gradient descent (SGD) to optimize and update the model parameters, following the approach adopted in the baseline model. The input image size was set to 640 × 640 pixels for the BDD100K dataset and the KITTI dataset. Models are trained for 100 epochs from scratch. To improve the model’s robustness and address the issue of a limited number of instances in the “bus” and “truck” categories within the dataset, we employed the mosaic data augmentation technique. This technique, which has been utilized in the original YOLOv8, was applied consistently during the training process of all experiments. All experiments were conducted on hardware equipment consisting of an AMD Ryzen 9 7950X 16-core Processor (4.50 GHz) and an NVIDIA GeForce RTX 4090 graphics card.

4.2 Evaluating Indicators

This study adopts a set of widely used metrics [8] to evaluate the performance of the proposed FBPN. Precision (P) is defined as the percentage of correctly predicted positive cases in the sample, and recall (R) refers to the percentage of correctly predicted true positive cases in the sample. The calculation formulas for both P and R are as follows:

P=TP/(TP+FP)(4)

R=TP/(TP+FN)(5)

where TP, FP, and FN represent true positive, false positive, and false negative, respectively.

The area under the precision-recall curve, referred to as average precision (AP), which is a comprehensive metric for evaluating the detection performance, is used in this study to evaluate the detection performance for one single object category, denoted as:

AP=∫01P(R)dR(6)

Consequently, mean average precision (mAP) is also employed as the evaluation metric, comprehensively reflecting both precision and recall performance, denoted as:

mAP=∑i=1nAPin(7)

where n is the number of classes. mAP@0.5 represents the average AP of all categories when the IoU threshold is 0.5 and mAP@0.5:0.95 represents the average AP within a range. The IoU threshold ranges from 0.5 to 0.95 with a step size of 0.05.

In addition, the model’s parameters and its giga floating point operations per second (GFLOPS) are calculated to evaluate the model’s spatial and temporal complexity. Frames per second (FPS) is used to measure the detection speed of the models.

5  Results and Discussion

5.1 Detection Effects Analysis during Training

This study employed the BDD100K dataset to train YOLOv8 and the proposed FBPN. The curve of the total loss value during the training process is shown in Fig. 5. It is observed that FBPN exhibits a faster decrease in the total loss value compared to YOLOv8 for fewer than 10 training iterations. This indicates that FBPN has a superior ability to quickly learn and extract vehicle features in complex environments. Both algorithms exhibit insignificant decreases in the total loss value between 10 and 100 iterations, with the total loss curve stabilizing, signifying that both algorithms have effectively learned the vehicle features from the BDD100K training set.
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Figure 5: Total loss convergence curve

In addition, we compared the change curves of mAP@0.5 and mAP@0.5:0.95 during the training process. Figs. 6 and 7 show that the curve of FBPN is consistently higher than that of YOLOv8 in the middle and later stages of training. This suggests that FBPN possesses distinct advantages in the detection of vehicles in complex environments.
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Figure 6: mAP@0.5

[image: images]

Figure 7: mAP@0.5:0.95

5.2 Ablation Studies of EFFM and GALM

To verify the effectiveness of the main components of the proposed method in vehicle detection tasks, a series of ablation experiments were conducted on the BDD100K dataset. Experimental results are shown in Table 1.
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The results suggest that the inclusion of EFFM does not significantly impact the mAP value. However, the YOLOv8 benchmark model exhibits relatively low detection accuracy for the Bus and Truck categories, primarily due to the limited number of instances available in the dataset. In addition, vehicles in these categories possess a large aspect ratio, and the convolution and pooling operations used in the target detection algorithm can also cause loss of boundary features. Furthermore, larger vehicles are prone to be disconnected from their boundary features when disturbed by surrounding noise, resulting in misidentification as multiple targets. The EFFM module effectively addresses these challenges by expanding differences between target and background features while minimizing the increase in model parameters. As a result, it significantly enhances the detection accuracy for these two vehicle categories. This approach not only improves vehicle feature extraction and mitigates background interference but also reduces computational complexity. However, its integration into the deep network may unfortunately further reduce the already sparse information regarding small targets, resulting in decreased accuracy for the Car category.

The integration of GALM into YOLOv8 leads to a 0.4% increase in mAP. Furthermore, this improvement is further amplified to achieve a 59.8% mAP by integrating the four-scale detection head. Compared to the baseline algorithm, the GFLOPS has increased by 8G, while the parameter quantity and model size have decreased by 0.49 M and 0.8 G, respectively. Notably, the AP value for the Car category shows a more significant improvement, increasing by 3.6% compared to the baseline algorithm. This indicates that this integration effectively combines the semantic information contained in the deep network with the powerful fine-grained information from the shallow network. Furthermore, the additional detection head contains more fine-grained information of small target vehicles. Consequently, this integration significantly improves the utilization efficiency of feature information for occluded and small target vehicles.

The FBPN algorithm, with the addition of all three modules, achieves an mAP of 60.8%, demonstrating the highest detection performance. While reducing the number of parameters, the model detection rate also increases to 344.83 frames/s, and the AP values of the three types of vehicles are improved to certain degrees. The model size is 20.6 MB, making it more lightweight compared to the baseline method. This indicates that FBPN is advantageous in terms of computational resources. Overall, this algorithm utilizes local channel attention to suppress background and image noise on vehicle features while effectively fusing high-level and low-level features to maximize the utilization of rare feature information in complex environments. Moreover, it improves detection speed without compromising accuracy, enabling accurate and real-time vehicle detection in complex environments.

Furthermore, although the algorithm proposed in this paper demonstrates significant improvements over the baseline algorithm in terms of parameters, model size, accuracy, and speed, these advancements come at the cost of increased computational complexity. Traditional convolutions suffer from limitations in feature extraction and object localization due to their fixed scale and geometric structure [35]. These issues are addressed by introducing GALM. However, experimental results indicate that the introduction of GALM leads to increased computational load and an irregular memory access bottleneck, which may impose certain restrictions on widespread deployment on edge devices [36]. Therefore, in the future, our work will focus on selecting appropriate alternatives to traditional convolutions.

5.3 Comparison with Other Methods

To evaluate the accuracy and speed superiority of the proposed algorithm in complex vehicle detection environments, comparisons were conducted against several advanced vehicle image object detection algorithms using the BDD100K test set.

Table 2 presents the experimental results in detail, showing that the FBPN algorithm achieves the best overall performance with a map@0.5 of 60.8%. Furthermore, the AP of Car APCar reaches 77%, which has the highest average accuracy, indicating that the proposed method possesses significant advantages for detecting densely arranged vehicles and small target vehicles in complex backgrounds. It is worth noting that the FPS value of FBPN reached 344.83 frames/s, which is the highest detection speed among these advanced algorithms.
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We exhibit the detection findings in complex road scenarios, as displayed in Fig. 8, to qualitatively evaluate the performance of the proposed algorithm.

[image: images]

Figure 8: The qualitative detection outcomes of various methods on the BDD100K dataset

FBPN reduces the amount of false and missed alerts for vehicle detection in complex backgrounds, as displayed in Fig. 8. In the first image, the vehicle within the green box is unlabeled, which could explain the failure of YOLOv7-tiny to detect it. However, both YOLOv8 and FBPN models successfully identified the vehicle. In the yellow circled area, YOLOv8 and YOLOv7-tiny encountered challenges in accurately distinguishing between the background and target objects, leading to the misidentification of surrounding objects as cars. Moreover, in the third image, small target vehicles face challenges due to illumination complexities and serious occlusions between vehicles, especially in low-light conditions where the image quality is poor. In such scenarios, the vehicle contours become almost indistinguishable. Particularly in the fourth image, FBPN remains highly effective, but YOLOv8 and YOLOv7-tiny have shown poor performance with varying degrees of missed detections and false detections.

One possible reason is that the proposed algorithm in this study expands the feature difference between the vehicle and the background by using a local channel attention mechanism. Meanwhile, GALM was utilized to enhance the model’s localization ability and improve its sensitivity to small vehicles. The combination of these two enables the model to exhibit strong anti-interference capabilities in complex environments. The proposed algorithm demonstrates effectiveness in various complex scenarios, even in cases of image blurriness, significantly reducing the occurrence of missed detections and false detections.

5.4 Performance on the KITTI Dataset

To further validate the effectiveness of FBPN in other complex road scenarios, a series of experiments were performed on the KITTI dataset comparing FBPN with three series of algorithms, namely Faster-RCNN, SSD, and YOLO. As shown in Table 3, the Faster R-CNN and SSD algorithms show relatively low mAP and FPS, making them inadequate for practical detection scenarios. Our proposed model demonstrates suboptimal performance for specific vehicle categories, namely Bus and Truck. These vehicles exhibit a relatively large aspect ratio and have narrow feature information in certain parts, which makes the feature information in these areas more susceptible to fragmentation. Additionally, the repeated application of convolution and pooling operations contributes to the loss of fine-grained feature information in these narrow areas. Despite a slight decrease in overall accuracy (0.41%) compared to the top-performing DR-YOLOv4, our algorithm achieves a detection speed that is 7.5 times faster than DR-YOLOv4. Remarkably, the mAP for the Car category reaches an impressive 98.20%, surpassing the performance of existing state-of-the-art detectors. These results indicate that the proposed FBPN achieves a favorable trade-off between accuracy and speed, making it more suitable for subsequent embedded development applications. Consequently, the comprehensive performance of this algorithm on the KITTI dataset has been further verified.
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6  Conclusions

This paper proposes a novel vehicle detection algorithm called FBPN, from the perspective of drivers. A scheme was designed that enhances the extraction and fusion of vehicle feature information from the channel dimension. Firstly, the EFFM module is used to obtain long-range interdependence between channels, and the generated channel attention weights are used to enhance the feature expression of important channels while avoiding the consumption of extensive computational resources. Secondly, the GALM module incorporates shallow high-resolution features into the pyramid information transfer to effectively improve the detector’s perception ability of small target detail position information. Finally, the four-layer feature pyramid structure retains the geometry and semantic information favorable to small targets to the greatest extent, effectively coping with the adverse effects brought by target scale changes. Experimental results on publicly available BDD100K and KITTI datasets show that the proposed algorithm achieved average accuracies of 60.80% and 97.80%, respectively, with inference speeds reaching 344.83 frames/s and 357.14 frames/s. Compared to other algorithms, this proposed algorithm has relatively comprehensive accuracy and inference speed, providing efficient detection performance in complex environments. In our future work, our goal is to further reduce the computational complexity of the model while maintaining the same accuracy and speed. Additionally, we aim to deploy the algorithm model for real-time vehicle detection on edge devices.
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Table 1: Ablation study of EFFM and GALM

Method Parameter Model Size GFLOPS APc, (%) APpys (%) APk (Y0) mAP@0.5 FPS
(MB) (MB) (%0)

YOLOV8[11] 11.12 21.4 28.6 73.5 53.9 46 57.8 322.58
YOLOvV8 + EFFM 11.12 214 28.4 72 54 474 57.8 312.50
YOLOvV8 + GALM 11.33 21.7 32.7 73 54.9 46.6 58.2 318.60
YOLOV8 + GALM + 10.63 20.6 36.6 77.1 53.5 48.9 59.8 333.32
4-scale head

YOLOv8+EFFM + 10.63 20.6 36.6 77 56.3 49 60.8 344.83

GALM + 4-scale head
(FBPN)
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Table 3: Performance comparison of the proposed method and other detectors on the KITTI dataset

Method AP, (%) AP (%) APpu (%) mAP@0.5(%) FPS
Faster R-CNN [37]  78.25 72.93 80.09 77.09 12.47
SSD300 [37] 81.59 74.82 87.36 81.26 56.71
SSD512[37] 84.81 70.72 82.98 79.50 26.24
YOLOV4 [37] 95.68 97.72 98.83 97.41 45.72
DR-YOLOV4[37]  97.48 98.51 98.65 98.21 48.05
YOLOVS5s [38] 97.90 97.50 97.50 97.60 90.91
CAM-YOLO[38]  98.20 98.30 97.90 98.13 76.92
YOLOv7-tiny [39]  92.20 93.90 89.40 93.20 278.45
YOLOVS [11] 97.20 96.80 98.30 97.40 303.03
RT-DETR [40] 97.60 95.90 96.80 96.80 256.41

Proposed 98.20 97.20 98.00 97.80 357.14
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Table 2: Performance comparison of proposed method and other detectors on BDD100K dataset

Method AP, (%) AP (%) APpu (%) mAP@0.5(%) FPS
YOLOV4 [37] 61.35 56.92 53.71 57.32 41.26
DR-YOLOv4[37] 6223 58.07 54.42 58.24 43.50
YOLOVS5s [38] 71.40 55.50 48.90 58.60 66.67
CAM-YOLO[38]  76.20 58.70 47.00 60.60 58.82
YOLOv7-tiny [39]  70.00 42.10 41.10 51.10 312.50
RT-DETR [40] 77.00 52.40 48.40 59.27 243.90
Proposed 77.00 56.30 49.00 60.80 344.83
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