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Abstract. A large number of environmental sensors and various data types can be used for multiple purposes. This paper 
will propose a multi-level sensor fusion method that systematically integrates data from LiDAR, radar, and cameras to 
address the issue of unreliable perception in complex dynamic traffic environments. The three modules in this paper include 
sensor-specific encoding, precise spatiotemporal alignment, and adaptive attention-based fusion. A large number of 
experiments were conducted on a large-scale urban driving dataset with various lighting and weather conditions, as well as 
multiple occlusion scenarios. The proposed method achieved an average detection accuracy of 90.5%, surpassing the 
benchmarks of single-modal LiDAR (87.2%), radar (86.0%), and camera-only (82.4%). The fusion model remains stable in 
sensor failure and high-noise environments, achieving high F1 scores in the more challenging categories of cyclists and 
emergency vehicles. Experiments show that the system demonstrates good detection accuracy and completeness under 
complex operating conditions. The above results support the construction of a highly reliable and scalable autonomous 
driving vision system thru hierarchical multimodal fusion. This provides strong support for the continuous development of 
intelligent transportation technology. 
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Introduction 
Autonomous driving technology has made significant progress in the past few years and is now closer to practical 
application. With the development of artificial intelligence, sensors and other computers can collect more 
information about the external environment, enabling cars to drive more accurately. The starting point of this 
change is the issue of accurately perceiving the surrounding environment. Otherwise, functions such as high-
level navigation, path planning, and safe autonomous operation in complex and dynamic situations cannot be 
accomplished. Therefore, perception systems are widely used to connect the vehicle's decision engine with the 
external environment. In order to address the complexity and unpredictability of road environments, 
autonomous driving systems must acquire, process, and interpret various sensor data in real-time to ensure 
safety and performance [1]. According to many studies, perception errors are the main reason for the 
operational failure of autonomous vehicles. It is necessary to build a robust perception architecture capable of 
handling various real-world scenarios [2]. The focus of research has shifted to developing reliable solutions for 
various environments and operating conditions [3], while requiring high throughput and low latency [4]. 

Nowadays, autonomous vehicle systems use a large number of different sensors. LiDAR is a three-dimensional 
optical detection and ranging device that can accurately acquire a large amount of spatial data. In low-light and 
nighttime environments, it can also identify obstacles and map the surroundings [5]. Visual cameras can provide 
high-resolution texture and color information to help understand and identify objects, but low light or adverse 
weather can make them less effective [6]. When optical sensors fail, radar sensors can accurately obtain distance 
and speed, but they have lower spatial resolution [7]. Each modality has its advantages, but also its limitations. 
If this is not done, single-modal methods can lead to other issues, such as sensitivity to environmental noise, 
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limited field of view, and ambiguity in data interpretation [8]. Due to the aforementioned drawbacks, 
multimodal sensor fusion has become increasingly popular to integrate multiple information sources and 
enhance the robustness of scene understanding systems [9]. In order to improve the accuracy of perception and 
enhance robustness against sensor failures and other environmental issues, well-organized fusion strategies 
have been recently introduced [10]. Despite the aforementioned progress, there is still a need to develop 
algorithms that can carefully handle the differences in data representation, sampling rates, and noise 
characteristics between modalities. 

In building high-performance, general-purpose multimodal perception systems for autonomous driving, many 
issues still need to be addressed. The data collected by many sensors need to be aligned, calibrated, and resolved 
for conflicts or duplicates in both time and space. Sensor synchronization, high-dimensional data fusion, and the 
lack of reliability for specific modalities in practice are other issues. Many reliable and scalable algorithms 
capable of adapting to rare or adverse conditions have not yet been fully developed. Due to the aforementioned 
shortcomings, this paper proposes a new theoretical framework for multimodal data fusion in autonomous 
driving perception. This paper integrates mathematical modeling, information theory evaluation, and 
experimental validation to promote the development of perception systems. Based on recent theoretical 
frameworks and combined with deep algorithmic innovations. Provided an orderly division and useful tools for 
sensor fusion to enhance the stability and flexibility of this process, and extensive applications and successful 
tests have been conducted under real driving conditions. Therefore, it strongly supports the next generation of 
autonomous driving technology. 

Theoretical Background 

Multimodal Sensing Principles 

Multimodal perception is the foundation of many high-end autonomous driving perception systems; various 
external environment perception methods are simultaneously collected to form a complete view of the scene. 
Physical sensors are typically classified into types such as cameras, LiDAR, and radar. These sensors can produce 
different types of data based on variations in light intensity, photon return time, and electromagnetic wave 
reflection [11]. Cameras excel at capturing RGB or grayscale images that contain a lot of semantic and texture 
details, which are used for object recognition and classification; their performance declines in low light or 
adverse weather conditions [12]. Lidar systems can obtain high-resolution point clouds for 3D mapping and 
localization; they can be affected by reflection interference [13]. In harsh weather conditions (such as rain, fog, 
or dust), radar can accurately measure distance and speed, whereas optical sensors may be inaccurate [14]. The 
physical and signal characteristics of these two types of data can be combined. By using multiple sensing 
methods to enhance the overall accuracy and robustness of perception, fully leveraging cross-modal 
collaboration will improve the reliability of autonomous driving while expanding its coverage [15]. 

Challenges in Sensor Data Interpretation 

So far, sensor fusion has made significant progress, but there are still issues with interpreting various types of 
data. First, due to factors such as sensors being located at different distances, having different sampling rates, 
and varying field of view directions, the issues of temporal and spatial alignment become more severe [16]. In 
order to ensure the correct association of data from different modalities, precise synchronization is necessary. 
Otherwise, any slight deviation can lead to significant localization or detection errors [17]. Changes in signal 
quality at the sensor level and various sources of noise also lead to data inconsistencies or unevenness [18]. 
Information redundancy is another common issue. This means that different sensors may detect the same 
features in the scene, and these features are highly relevant, requiring intelligent resolution to avoid overfitting 
or excessive computation [19]. On the contrary, if sensor failures or perception limitations in specific 
environments lead to modal data loss or inconsistency, adaptive mechanisms need to be introduced to ensure 
good data fusion. In order to maintain important features and filter out noise and interference, it is also 
necessary to address the normalization and transformation issues of integrating information from multiple 
sensors [20]. The aforementioned issues indicate that creating a reliable fusion framework in a complex and 
ever-changing real-world environment is very challenging [21]. 
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Recent Algorithmic Advances 

To address the aforementioned issues, some excellent algorithms have recently been developed in the field of 
multimodal perception for autonomous driving. Convolutional and graph-based deep neural network 
architectures are used for feature-level and decision-level fusion, and multi-branch encoders can simultaneously 
process and integrate various data streams [22]. The attention mechanism method reduces the impact of noise 
or incomplete data by selectively weighting the contributions of different sensors [23]. In probabilistic models, 
uncertainty quantification and consistency assessment of fusion results still rely on Bayesian fusion and Kalman 
filtering [24]. Over time, hybrid pipelines have emerged. These pipelines combine traditional signal processing 
with learned representations to achieve interpretability and flexibility. Despite these achievements, there are 
still many theoretical issues regarding generalization, robustness to out-of-distribution data, and scalability in 
high-dimensional real-time streams [25]. In order to support large-scale deployment, there is an urgent need for 
a framework that is effective in practice and based on a solid mathematical foundation. As the scale and 
complexity of multimodal data continue to increase, scholars have been striving to apply relevant theories in 
practice to promote safe, reliable, and widely used autonomous driving systems. 

Fusion Algorithm Development 

Mathematical Model 

The foundation of the new combination structure is a multi-level, mathematically sound system used to 
integrate data from various sensors. Consider a sensor suite comprised of 𝑁𝑁 modalities, each producing a time-
stamped observation 𝑆𝑆𝑖𝑖(𝑡𝑡), embedded in its native space ℝ𝑑𝑑𝑖𝑖. Each raw observation undergoes a sensor-specific 
encoding 𝜙𝜙𝑖𝑖, transforming it into a common latent embedding space as: 

𝑥𝑥𝑖𝑖(𝑡𝑡) = 𝜙𝜙𝑖𝑖(𝑆𝑆𝑖𝑖(𝑡𝑡)), 𝑖𝑖 ∈ [1,𝑁𝑁] Eq.(1) 
The joint multimodal observation vector at time 𝑡𝑡 is thus represented as the concatenation: 

𝑋𝑋(𝑡𝑡) = [𝑥𝑥1(𝑡𝑡)‖𝑥𝑥2(𝑡𝑡)‖… ‖𝑥𝑥𝑁𝑁(𝑡𝑡)] Eq.(2) 
To account for temporal cross-correlation and spatial consistency, we define an alignment operator 𝒜𝒜 such that: 

𝑋̂𝑋(𝑡𝑡) = 𝒜𝒜�𝑋𝑋(𝑡𝑡 − 𝜏𝜏1),𝑋𝑋(𝑡𝑡 − 𝜏𝜏2), … ,𝑋𝑋(𝑡𝑡 − 𝜏𝜏𝑁𝑁)� Eq.(3) 
where 𝜏𝜏𝑖𝑖  encodes relative sensor timing offsets. The fusion process is formalized as a non-linear operator ℱ 
acting upon the aligned embeddings: 

𝐹𝐹(𝑡𝑡) = ℱ(𝑋̂𝑋(𝑡𝑡)) = 𝜎𝜎�𝑊𝑊𝑓𝑓 ⋅ 𝑋̂𝑋(𝑡𝑡) + 𝑏𝑏𝑓𝑓� Eq.(4) 
where 𝑊𝑊𝑓𝑓 and 𝑏𝑏𝑓𝑓 are learned fusion parameters, and 𝜎𝜎 is a composite activation mapping that can incorporate 
attention-weighted modulation to dynamically re-weight contributions from each modality. 

Crucially, the fusion pipeline introduces an adaptive gating mechanism parameterized as: 

𝑔𝑔𝑖𝑖(𝑡𝑡) =
exp �𝜓𝜓𝑖𝑖(𝑥𝑥𝑖𝑖(𝑡𝑡), ℎ𝑖𝑖−1(𝑡𝑡))�

∑  𝑁𝑁
𝑗𝑗=1  exp �𝜓𝜓𝑗𝑗�𝑥𝑥𝑗𝑗(𝑡𝑡), ℎ𝑗𝑗−1(𝑡𝑡)��

 Eq.(5) 

where 𝜓𝜓𝑖𝑖( ) denotes a data-driven scoring function conditioned on current and historical latent states ℎ𝑖𝑖−1(𝑡𝑡). 
The final fused representation is then computed as: 

𝑧𝑧(𝑡𝑡) = � 
𝑁𝑁

𝑖𝑖=1

𝑔𝑔𝑖𝑖(𝑡𝑡) ⋅ 𝑥𝑥𝑖𝑖(𝑡𝑡) Eq.(6) 

To guarantee latent space consistency and enforce topological alignment, we regularize the joint embedding 
with a structural preservation term: 

Ω = 𝜆𝜆�  
𝑖𝑖<𝑗𝑗

�𝒫𝒫(𝑥𝑥𝑖𝑖(𝑡𝑡)) − 𝒫𝒫�𝑥𝑥𝑗𝑗(𝑡𝑡)��2 Eq.(7) 

where 𝒫𝒫 projects embeddings onto a common manifold and 𝜆𝜆 controls regularization intensity. 
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The overall situation is shown in Figure 1. The figure systematically illustrates the input sensor flow, embedding 
and alignment stages, attention-based fusion, and downstream perception output pipeline; it also shows the 
closed-loop structure and hierarchical levels of the method. 

 
Figure 1. Architecture diagram of a hierarchical multimodal sensor fusion system. 

Information Theory Metrics 

A robust theoretical underpinning for sensor fusion demands principled metrics characterizing uncertainty, 
information contribution, and cross-sensor synergy. The entropy of each sensor's extracted modality feature is 
quantified as 

ℋ𝑖𝑖 = −�  
𝑑𝑑𝑖𝑖

𝑘𝑘=1

𝑝𝑝𝑖𝑖𝑖𝑖log 𝑝𝑝𝑖𝑖𝑖𝑖  Eq.(8) 

where 𝑝𝑝𝑖𝑖𝑖𝑖  denotes the estimated probability of the 𝑘𝑘-th feature in the latent encoding of modality 𝑖𝑖. Cross-
modal complementarity is formally assessed using mutual information between fused sensor pairs: 

𝐼𝐼�𝑥𝑥𝑖𝑖 ;𝑥𝑥𝑗𝑗� = � 
𝑢𝑢,𝑣𝑣

𝑝𝑝𝑖𝑖𝑖𝑖(𝑢𝑢, 𝑣𝑣)log 
𝑝𝑝𝑖𝑖𝑖𝑖(𝑢𝑢, 𝑣𝑣)
𝑝𝑝𝑖𝑖(𝑢𝑢)𝑝𝑝𝑗𝑗(𝑣𝑣)

 Eq.(9) 

with 𝑝𝑝𝑖𝑖𝑖𝑖(𝑢𝑢, 𝑣𝑣) denoting the joint activation distribution. The global fusion informativeness at time 𝑡𝑡 is measured 
by conditional entropy reduction after aggregation, given by 

Δℋ(𝑡𝑡) = ℋ(𝑋𝑋(𝑡𝑡)) −ℋ(𝑧𝑧(𝑡𝑡)) Eq.(10) 
Estimation of modality-specific reliability is based on a confidence-driven weight, derived from cross-entropy 
between current predictions and trusted labels: 

𝜔𝜔𝑖𝑖(𝑡𝑡) =
1

1 + exp �−𝛾𝛾 ⋅ CE(𝑥𝑥𝑖𝑖(𝑡𝑡),𝑦𝑦∗(𝑡𝑡))�
 Eq.(11) 

where CE is the cross-entropy loss and 𝑦𝑦∗(𝑡𝑡) is the ground truth. For adaptive model selection, a distributional 
divergence criterion is established with the Jensen-Shannon metric: 

𝐷𝐷JS(𝑃𝑃,𝑄𝑄) =
1
2

[𝐷𝐷KL(𝑃𝑃‖𝑀𝑀) + 𝐷𝐷KL(𝑄𝑄‖𝑀𝑀)] Eq.(12) 

where 𝑃𝑃,𝑄𝑄 denote modality predictive distributions, and 𝑀𝑀 is their mean. This suite of metrics jointly informs 
sensor contribution, fusion trustworthiness, and adaptive calibration, ensuring that the fusion process remains 
theoretically optimal and empirically robust as operational conditions vary. 
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Implementation Strategy 

Modular and end-to-end pipeline models support synchronous and asynchronous data integration. First, the 
input from each sensor is buffered. Then, based on the geometric and probabilistic estimates of the real-time 
alignment module, precise temporal and spatial calibration is performed. After alignment, the multi-layer 
encoders map the original sensors, with each encoder using prior knowledge of specific tasks to create invariant, 
domain-adapted representations. The fused representation 𝑧𝑧(𝑡𝑡) is computed using an adaptive attention sub-
network that dynamically weighs sensor streams as per the current environmental context, modeled as 

𝑎𝑎𝑖𝑖(𝑡𝑡) =
exp (𝛼𝛼𝑖𝑖𝑇𝑇𝑥𝑥𝑖𝑖(𝑡𝑡))

∑  𝑁𝑁
𝑗𝑗=1  exp �𝛼𝛼𝑗𝑗𝑇𝑇𝑥𝑥𝑗𝑗(𝑡𝑡)�

 Eq.(13) 

where 𝛼𝛼𝑖𝑖  are modality-specific context vectors. The decision layer receives 𝑧𝑧(𝑡𝑡) and propagates it through a 
series of stacked prediction heads-for detection, segmentation, and tracking-to estimate semantic and spatial 
scene attributes. An adaptive regularization strategy is adopted, penalizing inconsistent fusion by optimizing 

ℒtotal = ℒpercept + 𝛽𝛽Ω + 𝜇𝜇�  
𝑖𝑖

�𝔼𝔼𝑥𝑥𝑖𝑖∼𝑝𝑝𝑖𝑖[ℒfuse(𝑥𝑥𝑖𝑖 , 𝑧𝑧)]� Eq.(14) 

where ℒpercept  is the perception objective, Ω  enforces embedding alignment (as above), and the last term 
ensures fusion stability under varying conditions. 

Figure 2 shows the process of multimodal data collection, temporal/spatial alignment, hierarchical encoding, 
adaptive fusion, and multitask prediction. This flowchart illustrates how real-time adaptation in autonomous 
driving systems is achieved thru a modular architecture, information flow, and feedback-based self-optimization. 

 
Figure 2. Flowchart of the adaptive multimodal fusion process. 

Experimental Study 

Experimental Protocols and Validation 

This study selected a large-scale urban driving dataset that can synchronously record multiple modalities under 
different traffic conditions in various urban areas (e.g., main roads and intersections). All test vehicles are 
equipped with high-precision GNSS/IMU units, multi-beam LiDAR scanners, automotive radar modules, high-
resolution cameras, and hardware synchronization protocols to reduce time drift. Spatial geometric calibration, 
time synchronization, point cloud normalization, and radar artifact filtering are several steps in data 
preprocessing. In order to achieve unified fusion in the subsequent stages, sensor modalities are encoded into 



Multimodal Data Fusion for Perception Systems in Autonomous Driving 
https://doi.org/10.64972/dea.2025.v4i2.2016d:72-85 

77 
 

a unified latent representation during the preprocessing phase. Stratified sampling divides the dataset into three 
parts: training set, validation set, and independent test set. These parts can be used for different scenarios to 
prevent errors during the evaluation process. The validation set will be used for hyperparameter optimization 
and early stopping, while the training set includes various operational conditions. Some test sets contain 
relatively rich real data in terms of detection, segmentation, and trajectory estimation, and include new routes 
that have not been seen before. The general performance metrics for the aforementioned types include the 
displacement error of trajectory prediction, the mean Average Precision (mAP) for object detection and 
segmentation, and the Intersection over Union (IoU). Increase the reliability and robustness metrics of cross-
modal fusion. 

Model Performance under Diverse Conditions 

Comprehensive testing includes various challenging environments, including full sunlight and twilight, as well as 
adverse weather conditions such as rain, fog, and light snow. The focus is on scenes with rich occlusions caused 
by traffic congestion, crowds of pedestrians, and other static objects. The results of the fusion model were 
systematically compared under the same supervision and training conditions with the single-modal LiDAR, 
single-modal vision baseline, and single-modal radar systems. Selective omission or damage in high visibility and 
low visibility segments is performed for multimodal ablation experiments to evaluate their adaptability and 
robustness. Qualitative metrics include visual accuracy, boundary recovery consistency of the tracked objects, 
and temporal stability of the tracked objects. Attribution of internal features in the fusion layer under different 
modality-dominant modes is the focus of interpretability research. In order to ensure that environmental 
diversity, synchronized noise, and cross-modal misalignment are reasonably represented in each case, 
comparative experiments with the latest state-of-the-art architectures were also conducted. Directly test the 
model in preserved scenarios to see how it maintains reliable perception under sudden changes in lighting and 
weather, as well as the impact of new urban structures. 

Analysis of Failure Cases 

A detailed analysis of the failure cases indicates that high-density occlusion, rare or extreme weather events, 
and severely unbalanced object distribution constitute specific defects. In cases where there are dense shadows 
above pedestrians and large vehicles frequently obstructing the view, missed detections or boundary 
misidentifications often occur. When multiple sensor modes encounter issues simultaneously, this situation is 
more likely to occur. Due to rapid weather changes, such as sudden heavy rain or localized ground fog, cross-
modal inconsistencies and temporal synchronization errors can sometimes lead to temporary prediction 
inconsistencies or false tracking signals. Due to sample imbalance, the number of rare road user categories is 
small; therefore, semantic fusion exhibits bias, leading to a reduced recognition rate for these underrepresented 
categories. The mentioned issues include persistent noise and inaccurate calibration, as well as the lack of a 
large number of real annotations. To address the aforementioned issues, advanced learning methods that 
integrate augmentation and active domain adaptation should be developed. In addition, uncertainty modeling 
can be used to inform the decision module in the downstream part of practical applications. 

Empirical Results Analysis 

Performance Metrics 

Comprehensive evaluation of the performance of multimodal fusion architecture in autonomous driving data in 
urban, suburban, and rural areas. As shown in Figure 3(a), the proposed method achieved the highest average 
detection accuracy of 90.5%. This is higher than the 87.2% achieved by using only LiDAR, 86.0% by using only 
radar, 82.4% by using only cameras, and the 88.1% achieved by the previously best-performing fusion model. 
The results indicate that the close integration of different sensor strategies and hierarchical multimodal fusion 
improved the overall accuracy [26]. 

Figure 3(b) shows the precision and recall rates for various modalities and object types. The full-stack fusion 
system is better; it improved the accuracy of detecting cyclists by 91.0%, increased the recall rate of detecting 
pedestrians by 89.8%, and reduced the differences between true positives and false positives when using only 
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visual or radar systems [27]. In complex traffic or multi-light environments, this cross-modal reliability is also 
necessary, which is crucial for building a reliable world model [28]. 

Figure 3(c) shows the F1 score performance of five main object categories among the seven sensor combination 
schemes, namely cars, pedestrians, cyclists, traffic signs, and emergency vehicles. Plotting lines for different 
groups and observing, in general, using multiple sensors can improve object recognition performance. The "all 
sensors" mode achieved the highest and most balanced F1 score. In addition, categories that are difficult to 
identify, such as emergency vehicles and cyclists, have also seen improvements. Based on the above findings, 
full-function multimodal fusion should be implemented to enhance the reliability of perception and object 
recognition in autonomous driving [29]. 

 
Figure 3. Overall Performance Metrics: (a) Accuracy Comparison; (b) Precision & Recall Per Modality; (c) F1-Score for Varying Sensor 

Combinations. 
 

Figure 4(a) shows the distinguishing ability under different environments, with the ROC curve for daytime scenes. 
At typical thresholds, the true positive rate still exceeds 93%, and the area under the curve for key categories 
consistently exceeds 0.96. Signal separation was successful [30]. As shown in Figure 4(b), after the degradation 
of nighttime data, the model still maintains a high AUC close to 0.92, outperforming the unimodal model. 

Figure 4(c) adds PR curves under various weather conditions, such as rainy and foggy days. When the recall rate 
is high under adverse weather conditions, multimodal fusion usually reduces accuracy. The method still shows 
a relatively high F1 score and is less affected by sensor degradation or noise, although other models significantly 
decline in dense fog [31]. 
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Figure 4. ROC & PR Curves under Diverse Scenarios: (a) ROC Curve—Daytime; (b) ROC Curve—Nighttime; (c) PR Curve—Weather 

Variations. 
 

As shown in Figure 5, ablation experiments were conducted to more accurately identify the individual 
contributions of various sensor types and fusion methods. All sensor modalities exhibited good system 
robustness and detection accuracy compared to unimodal or partially fused systems [32]. 

Figure 5(a) shows the accuracy of each type under the configuration of removing all sensors. If any sensor mode 
is excluded, the accuracy of all object categories will decline to some extent; this decline will be more severe for 
vulnerable road users such as pedestrians and cyclists. It can be seen that all these modes have their pros and 
cons; for example, although LiDAR excels at providing spatial information about small or occluded objects, 
cameras and radar are very rich in semantic information and motion perception, which are also necessary for 
accurate classification in complex environments. 

Figure 5(b) shows the F1-score performance of five fusion strategies under different driving conditions (urban, 
suburban, nighttime, and adverse weather such as rain and fog). The complete "Full" fusion configuration 
demonstrated high stability and good F1 scores across all test environments, indicating its high adaptability. In 
contrast, single-sensor or simple fusion methods showed a significant decline under low visibility and adverse 
conditions, indicating the shortcomings of unimodal perception. 

Figure 5(c) also shows the robustness of the system, displaying the complete F1 score distribution of all ablation 
groups. The box plot and the average path after ablation indicate that the distribution range of this performance 
has expanded, and the average system performance has decreased. Stability and robustness are poor. The above 
results indicate that hierarchical, multi-level sensor fusion is necessary to achieve high-precision and reliable 
autonomous driving perception in dynamic real-world scenarios [33]. 
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Figure 5. Ablation analysis: (a) Per-class precision under sensor removal; (b) Scene-level F1 by fusion strategy; (c) System F1-score 

distributions for ablation groups. 
 

The framework maintained an inference speed of over 25 Hz in all strictly timed tests to meet the real-time 
embedded perception requirements of the vehicle [34]. 

Comparison with State-of-the-Art 

Figure 6 shows the robustness and generalization results. As shown in Figure 6(a), as the level of Gaussian noise 
increases, the median accuracy remains high across all noise levels. For example, even under 30 dB noise, the 
median accuracy exceeds 87%. Due to the minimal performance variation under noise, it exhibits good stability 
in terms of error. 

A violin plot of sensor failure scenarios is shown in Figure 6(b). The average performance is very excellent when 
compared to the baseline model, but it steadily declines as the number of unsuccessful modalities rises from 
zero to three. Modular fusion can therefore be regarded as resilient since the model maintains a performance 
of over 70% and a smaller distribution even after losing three sensors [35]. 

Figure 6(c) is an F1 score heatmap, showing the spatial generalization of six districts and seven regions, which 
can reliably distinguish between urban, industrial, and rural areas. In most areas and regions, the F1 scores 
exceeded 0.86, with only a decline observed in areas with concentrated anomalies or obstructions. The results 
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indicate that the model exhibits good generalization ability and stability under conditions of noise, unreliable 
sensors, and complex spatial distribution, and it does not have the common flaws of previous solutions. 

 
Figure 6. Robustness and Generalization: (a) Robustness to Noise; (b) Sensor Failure Simulation; (c) Location-based Heatmap. 

 
Although the above benchmark tests are very complex, as shown in Figure 7, they can be used to compare the 
main technologies for multimodal autonomous driving perception. Figure 7(a) shows the results of five 
representative models across four metrics. These models include the proposed method and other obvious 
baseline models. The ensemble model outperforms all baseline models on all metrics, making it the most reliable 
and accurate among all evaluation methods. The F1 score and stability have also significantly improved, making 
it more reliable in practical applications. Some benchmark tests indicate that other fusion strategies and 
unimodal solutions (such as using LiDAR or cameras) can achieve similar results. In harsh environments, it is 
usually poorer, and overall performance is also not good. The results indicate that the hierarchical multimodal 
fusion and adaptive weighting mechanisms in the proposed architecture core are more advantageous than any 
other architecture core. 

Figure 7(b) shows five confusion matrices, including cars, bicycles, traffic signs, emergency vehicles, and 
pedestrians. The model has a high true positive rate for all primary categories, especially the more common 
ones; the model's recall and precision are both high. The error rate is concentrated in a few visually similar or 
underrepresented categories, such as the category between people riding bicycles and certain traffic signs; class 
imbalance and the discovery of rare objects become more difficult. Since matrices usually have good 
discriminative ability and evenly distributed categories, the proposed fusion method is also effective in complex 
and heterogeneous environments. 



Multimodal Data Fusion for Perception Systems in Autonomous Driving 
https://doi.org/10.64972/dea.2025.v4i2.2016d:72-85 

82 
 

Figure 7(c) shows the inference efficiency of all models; it also directly compares the inference speed (in 
frames/ms) and latency. The aforementioned method achieves a good balance between computational 
efficiency and visual quality, while maintaining low latency in real-time operations. It is also suitable for use in 
vehicles. These benchmark results indicate that the proposed framework outperforms previous state-of-the-art 
solutions in both perception capability and implementation efficiency. This framework is suitable for reliable 
and scalable autonomous driving systems. The test sequence indicates that in the event of a sudden sensor 
failure, the model dynamically increases the weights of other modalities to maintain stable and smooth output. 
Early, non-adaptive methods were of no help in this regard. 

 
Figure 7. State-of-the-art comparison: (a) multi-metric model evaluation; (b) Confusion matrix; (c) Inference speed and latency. 

Limitation Discussion 

The results indicate that this method is not suitable for identifying extreme situations or discovering rare events. 
Due to the limited and uneven distribution of training samples for rare categories, it is still difficult to determine. 
Limited domain adaptability and the inherent bias of sample imbalance are also reasons for this situation. Due 
to low data efficiency and insufficient transfer learning, there are detectable differences in the recall rates of 
dominant and rare objects. 
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Misalignment and desynchronization of sensors, especially in cases where vehicles and sensors are moving 
quickly, can lead to decision-making errors or temporary inability to recognize objects, thereby affecting the 
entire planning system. Although online calibration is very accurate, scene dynamics and hardware dynamics 
still need further optimization. 

The annotations are also relatively high. The current results require a large number of dense, high-quality traffic 
subject and edge case labels, but these resources are very scarce in many real-world deployment environments. 
To address the aforementioned bottlenecks, efforts are being made to build self-supervised adaptation and 
uncertainty models. At the same time, ensure that these changes do not lead to drift or instability. 
The current embedded platforms are already close to their operational limits, so further optimization, pruning, 
and architectural innovations are needed, despite the high computational demands. In order to achieve 
widespread application and economic feasibility in the future, we must maintain high precision requirements 
while reducing the costs of models and sensors. 

Finally, the mapping from feature-level uncertainty to actual, reliable system outputs is still incomplete, despite 
the presence of interpretable architectural nodes, such as reliability-weighted attention. Deploying in safety-
critical environments requires true interpretability, which remains a topic worth researching. 

The proposed system sets new standards for a large number of practical, high-traffic, and challenging scenarios, 
and demonstrates the path to next-generation, sample-efficient, cost-effective, verifiable, and truly scalable 
multimodal perception systems for autonomous driving. 

Conclusion 
This paper proposes a powerful hierarchical multimodal fusion framework for autonomous driving perception. 
Thru modular coding, spatiotemporal alignment, and adaptive fusion mechanisms, the system systematically 
integrates LiDAR, cameras, and radar to address the long-term issues of sensor heterogeneity, alignment errors, 
and environmental changes in the proposed architecture. Using this approach will build a reliable and universally 
applicable model to theoretically address the issues of modality weighting and uncertainty quantification. 

Empirical research based on large-scale urban data shows that under adverse conditions such as sensor failures 
and low light, the accuracy of detection, object classification, and scene segmentation significantly improves. 
Compared to unimodal and traditional fusion baselines, the aforementioned structure improves performance 
stability and consistency under various traffic and weather conditions. Ablation studies indicate that each 
component is necessary; moreover, flexibly combining them can yield good results. 
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