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Abstract:With the continuous advancement of autonomous driving technology in complex urban traffic environments,
achieving efficient and safe trajectory planning in complex intersection scenarios with frequent vehicle interactions and
dynamic obstacles has become one of the core challenges in current research. As an important structure for representing
multimodal driving behaviors, the trajectory tree plays a key role in the decision-making process at complex
intersections. However, its large search space and high computational complexity severely limit real-time performance
and scalability. To address this, this paper focuses on the optimization problem of trajectory trees in complex
intersections and innovatively introduces reinforcement learning algorithms. A spatiotemporal joint pruning strategy
based on reinforcement learning is proposed to improve the search efficiency and decision-making quality of the
trajectory tree. This strategy effectively reduces redundant trajectory branches by combining spatial and temporal
pruning mechanisms, dynamically adjusting the search direction, and thus achieves precise control and efficient
evolution of the trajectory tree. In terms of model design, this paper systematically defines the action set, state space,
and reward function, ensuring that the reinforcement learning agent can learn pruning strategies with generalization
capability in complex traffic environments. Furthermore, the paper improves the original model, clarifying the
trajectory tree optimization goals and enhancing the adaptability and stability of the strategy. In the experimental
section, representative urban traffic datasets are selected, with reasonable parameter configurations and evaluation
metrics. The proposed method is comprehensively evaluated from three dimensions: trajectory clustering performance,
path optimization, and computational efficiency, and compared with several mainstream methods. Experimental results
demonstrate that the proposed spatiotemporal joint pruning strategy based on reinforcement learning exhibits significant
effectiveness and superiority in trajectory tree optimization for complex intersections. It not only improves the vehicle’s
passing ability in dynamic environments but also provides reliable technical support for the deployment of autonomous
driving systems in real-world scenarios, with important theoretical value and engineering application prospects.
Keywords: Reinforcement learning; Spatiotemporal joint pruning strategy; Trajectory tree optimization; Complex
intersection

1 INTRODUCTION

As urban traffic systems become increasingly complex, complex intersections have become one of the key challenges
faced by advanced driver assistance systems and autonomous driving technologies. Complex intersections are typically
characterized by multi-directional traffic flow convergence, frequent pedestrian crossings, and dynamic traffic signal
changes, significantly increasing the uncertainty of trajectory planning. While traditional trajectory tree optimization
algorithms have demonstrated certain efficiency improvements in structured road environments [1], their robustness and
adaptability remain insufficient when dealing with dynamic scenarios such as sudden traffic accidents and temporary
traffic control. The fundamental issue lies in the fact that traditional methods heavily rely on static maps and preset
rules, lacking real-time response capabilities to dynamic environmental changes, making it difficult to achieve efficient
and safe trajectory decision-making in complex and ever-changing urban intersections. In recent years, some studies
have attempted to introduce heuristic search methods [2], the A* algorithm [3], and neural network predictions [4] to
enhance the adaptability of trajectory trees. However, these methods often focus on optimizing a single dimension and
fail to effectively integrate a joint decision-making mechanism for both spatial and temporal dimensions, leading to
suboptimal performance in dynamic, complex scenarios. Reinforcement learning (RL), as an intelligent
decision-making method based on interactive learning, has the ability to autonomously learn strategies in uncertain
environments and has gradually been introduced into the field of autonomous driving, showing promising application
prospects.
Based on this, this paper proposes a spatiotemporal joint pruning strategy integrating reinforcement learning, aimed at
jointly optimizing the trajectory tree structure from both spatial and temporal dimensions. The method defines a
reasonable state space and action set, constructs a reward function that aligns with driving logic, and guides the agent to
autonomously learn pruning strategies during training. This enables the effective elimination of redundant trajectory
branches and the precise retention of critical paths. Furthermore, the paper introduces a spatiotemporal coupling
mechanism in the model design, ensuring that the pruning strategy not only considers the spatial feasibility at the
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current moment but also accounts for the temporal feasibility at future moments, thereby enhancing the overall
coherence and safety of the decision-making process. The research presented in this paper not only expands the
theoretical methods for trajectory tree optimization but also provides new technical paths and theoretical support for the
practical deployment of advanced driver assistance systems in complex urban environments, offering significant
research value and engineering implications.

2 SPATIOTEMPORAL JOINT PRUNING STRATEGY BASED ON REINFORCEMENT LEARNING

To effectively address the challenge of trajectory tree optimization in complex intersection scenarios, this paper
proposes a spatiotemporal joint pruning strategy based on reinforcement learning. This strategy innovatively combines
reinforcement learning algorithms with trajectory tree optimization tasks, fully considering the coupling characteristics
of the spatial and temporal dimensions in complex intersection environments. By introducing both spatial pruning and
temporal pruning mechanisms, an efficient spatiotemporal joint optimization framework is constructed. Leveraging the
autonomous learning capability of reinforcement learning algorithms, the strategy can adaptively adjust the pruning
strategy [5] to respond to dynamically changing traffic conditions in complex intersection scenarios.

2.1 Spatial Pruning Strategy

The spatial pruning strategy, as a core component of the proposed spatiotemporal joint pruning strategy based on
reinforcement learning, aims to optimize the trajectory tree construction process by effectively removing invalid or
inefficient paths within the search space, thereby improving the overall efficiency and accuracy of path planning. The
formulation of this strategy relies on in-depth analysis of the spatial distribution characteristics of nodes in the traffic
network and accurate modeling of vehicle driving behavior patterns [6]. In designing the spatial pruning strategy, the
primary task is to construct a state representation that can accurately capture the spatial relationship between the
vehicle’s current position and the target position. To achieve this, the state s is defined as the current position x.
On this basis, a reward function R(s,a) is further introduced to evaluate the quality of performing action a in state s. This
reward function comprehensively considers the likelihood of the vehicle reaching the target position and the time
efficiency of executing the action. Its specific form is:

R(s,a)= 1
d(x,y)

·e-λ·t(a) (1)
In this context, d(x,y) represents the spatial distance from the current position to the target position, and t(a) represents
the time required to execute the action a from the current position. λ is a preset weight parameter used to adjust the
influence of time costs in the reward function. The design of this reward function reflects the basic principle that “the
shorter the distance and the less the time, the higher the reward”, effectively guiding the agent to prioritize more
efficient paths during the path selection process.

Figure 1 Example of the Spatial Pruning Strategy

As shown in Figure 1, the vehicle starts from position A and faces two potential paths: one is to go straight to position
B, and the other is to turn right to position C. The decision for each path is based on its corresponding reward value,
which reflects the likelihood and efficiency of the vehicle reaching target positions D or E. In this way, the spatial
pruning strategy can dynamically filter paths in complex traffic environments, effectively reducing redundant searches
and improving the efficiency and accuracy of trajectory tree construction. In summary, the spatial pruning strategy,
through precise state representation and a well-designed reward function, provides a scientific decision-making basis for
the vehicle’s path selection at complex intersections. It significantly improves the accuracy and real-time performance
of trajectory tree construction [7], laying a solid foundation for subsequent path optimization and behavior prediction.

2.2 Temporal Pruning Strategy

The temporal pruning strategy, as a key component of the spatiotemporal joint pruning strategy based on reinforcement
learning proposed in this paper, aims to optimize the decision-making process in the time dimension, effectively
compressing the search space of the trajectory tree and enhancing the overall efficiency and real-time performance of
path planning. The core idea of this strategy is to ensure search efficiency while retaining paths that have potential value
in the time dimension, thus achieving fine-grained control over the structure of the trajectory tree.
When designing the temporal pruning strategy, the primary task is to construct a state representation that accurately
captures the time information at the current decision point and its impact on future trajectories. To achieve this, the
temporal state St is defined as a composite vector that includes the current time, the estimated time to reach the next
intersection, and historical speed information. The specific form is as follows:
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St=(t,t
^
next,vhistory) (2)

Where, t represents the current time, t
^
next is the predicted time for the vehicle to reach the next intersection, which can

be calculated using a sliding average of historical data, vhistory is a statistical summary of the vehicle’s historical driving
speed (e.g., mean, variance), which reflects the vehicle’s stability and trends in movement.
Based on the state definition, an action set A is further constructed to describe the different behavioral decisions that the
agent can take at the current time state. The action set can be represented as:

A={a1,a2,...,an} (3)
Where each action ai represents a feasible driving behavior, such as choosing different lanes, adjusting driving speed,
or changing direction, among others.
To accurately assess the impact of different actions on the trajectory tree construction process, this paper designs a
reward function R(s,a) that comprehensively considers both time efficiency and safety. The expression of the reward
function is as follows:

R(s,a)=α·(Δt-Δd)+β·ssafety (4)
Where, Δt represents the time saved relative to the baseline strategy after executing the action a, Δd is the corresponding
change in travel distance, ssafety is the safety score, used to assess the risk level of the action within the traffic
environment, α and β are parameters that adjust the relative importance of time efficiency and safety, ensuring the
strategy’s flexibility and adaptability in different scenarios.

Figure 2 Example of the Temporal Pruning Strategy

As shown in Figure 2, the agent starts from the current time state and sequentially executes the actions in the action set.
During each step of execution, the system computes the immediate reward of the current action based on the reward
function and updates the state representation accordingly. This process iterates until the preset termination condition is
met (such as reaching the target location or exceeding the maximum search time). Through this mechanism, the
temporal pruning strategy not only optimizes decision-making in the time dimension but also guides the agent to
prioritize exploring paths that offer time advantages, effectively reducing ineffective searches and improving the
efficiency and quality of trajectory tree construction. The temporal pruning strategy, through precise state modeling,
rational action definitions, and a scientific reward function design, achieves efficient control of the trajectory tree in the
time dimension. This strategy complements the spatial pruning strategy, together forming the spatiotemporal joint
pruning framework proposed in this paper, providing strong technical support for autonomous driving path planning in
complex intersection scenarios.

2.3 Reward Function Design

In addressing the trajectory tree optimization problem at complex intersections, this paper designs a reward function
that comprehensively considers both spatial and temporal efficiency, aiming to balance the structural simplicity and
construction efficiency of the trajectory tree [8]. Specifically, the proposed reward function consists of two components:
spatial efficiency reward Rs and temporal efficiency reward Rt. These components are dynamically adjusted through a
weight coefficient α, and the expression is as follows:

R=α·Rs+(1-α)·Rt (5)
Where, Rs represents the spatial efficiency reward, Rt represents the time efficiency reward, α is a weight coefficient
between 0 and 1, which adjusts adaptively based on the intersection complexity. This coefficient balances the
importance of spatial efficiency and time efficiency. This design provides the reward function with strong flexibility and
adaptability, allowing it to adjust the optimization focus according to the demands of different scenarios.
Guided by the above reward function, the reinforcement learning agent can gradually learn a trajectory tree pruning
strategy that balances spatial feasibility and time efficiency during the training process. As a result, it achieves superior
path planning performance in complex intersection scenarios. Experimental results demonstrate that this reward
function design significantly improves trajectory tree structure compactness, reduces construction time, and enhances
the overall decision-making efficiency of the system, providing reliable technical support for autonomous driving
decision-making in complex environments.

3 EXPERIMENTAL RESULTS AND ANALYSIS
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3.1 Experimental Parameter Settings

To ensure the accuracy, stability, and repeatability of the experimental results, systematic design and tuning of key
parameters were carried out during the training of the reinforcement learning model. These parameters include learning
rate, discount factor, exploration rate, number of training episodes, and the reward function, all of which directly
influence the model’s convergence speed, strategy quality, and generalization ability.
The learning rate determines the step size during each parameter update and is a critical factor in controlling training
stability and convergence speed. A learning rate that is too large may cause the strategy to oscillate or even diverge,
while a rate that is too small may result in a slow training process, making it difficult to converge within a limited
number of iterations. Based on preliminary experimental results and theoretical analysis, the initial learning rate is set to
0.001. During training, an adaptive adjustment strategy is used, dynamically fine-tuning the learning rate based on the
stability of strategy updates and the convergence trend of the loss function, in order to balance training efficiency and
convergence quality.
The discount factor is used to measure the relative importance of future rewards in current decision-making, and its
value directly influences the agent’s attention to long-term rewards. In this paper, the discount factor is set to 0.95,
meaning the model values immediate rewards while fully considering the cumulative effects of future rewards during
the strategy learning process.
The exploration rate controls the trade-off between exploring unknown states and exploiting known knowledge during
training. The classical ε-greedy strategy [9] is adopted, with the initial exploration rate set to 0.1. It is gradually decayed
to 0.01 during the training process. This setting encourages sufficient exploration in the early stages to avoid getting
stuck in local optima, while gradually enhancing the utilization of known optimal strategies in the later stages to
improve strategy stability and convergence efficiency.
The number of training episodes determines the number of interactions between the model and the environment, which
is a key factor influencing the sufficiency of strategy learning. The number of training episodes is set to 1000, based on
preliminary experiments, ensuring that the model achieves stable convergence within a reasonable amount of time while
avoiding the underfitting problem due to insufficient training.
To provide a clear overview of the parameter settings, a summary is presented in Table 1 below:

Table 1 Experimental Parameter Summary
Parameter Description Value

Learning Rate The size of weight change during model updates 0.001
Discount Factor The measurement of the importance of future rewards 0.95

Exploration Rate The balance between the algorithm’s exploration of new states and the
utilization of known information 0.1 (initial) → 0.01 (final)

Number of Iterations The total number of algorithm runs 1000

The experimental parameters set in this study are based on theoretical analysis and preliminary experimental validation,
aiming to maximize the model’s learning efficiency and strategy performance within limited training resources. With
reasonable parameter configuration, the reinforcement learning model constructed in this paper can efficiently explore
the complex intersection trajectory tree space and quickly converge to a stable strategy during the training process, thus
laying a solid foundation for subsequent experimental analysis and performance evaluation.

3.2 Experimental Results Analysis

3.3.1 Clustering effect analysis
In this study, clustering effectiveness is one of the key indicators for evaluating the effectiveness of the spatiotemporal
joint pruning strategy. This is because clustering the trajectory tree of complex intersections allows for a clear
observation of the aggregation of trajectory data under different strategies, thereby validating the optimization effect of
the algorithm [10].
For the experimental dataset, we carefully selected trajectory data from complex intersections. This dataset includes
vehicle driving trajectories from multiple complex intersections, with each trajectory recording the vehicle’s position
information within specific time windows. Specifically, the dataset includes the vehicle’s starting point, the intersections
it passes through, and the final destination. In addition, the dataset also encompasses dynamic information such as the
vehicle’s speed and acceleration, providing rich data support for the research on the spatiotemporal joint pruning
strategy.
For the clustering analysis, we primarily used the K-means algorithm [11]. This algorithm can group similar trajectories
based on the spatial distribution characteristics of the trajectory data. The specific operation involves first determining
the number of clusters, then calculating the distance between each cluster center and the data points, in order to
determine the optimal clustering result.

Table 2 Clustering Analysis Results
Cluster ID Cluster Center Coordinates (x, y) Average Distance Within Cluster Number of Clusters
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1 (120, 200) 15.2 320
2 (180, 250) 18.5 290
3 (220, 180) 16.7 310

Through Table 2, it can be seen that the trajectory data from different clustering centers exhibit distinct spatial
distribution characteristics. At the same time, the average distance within each cluster reflects the degree of
compactness of the clusters. The smaller the average distance, the better the clustering effect, indicating that the
trajectory data within the same cluster are more concentrated.
In summary, the analysis of clustering effects not only demonstrates the effectiveness of the spatiotemporal joint
pruning strategy in handling complex intersection trajectory trees but also provides important data support for
subsequent optimization work. By comparing clustering results under different strategies, we can more intuitively
understand the application value of reinforcement learning in trajectory tree optimization.
3.3.2 Optimization effect analysis
In this study, we focus on optimizing the trajectory tree of complex intersections and specifically implemented the
spatiotemporal joint pruning strategy based on reinforcement learning. The optimization effects brought by this strategy
are significant, reflected in three main aspects: first, it effectively reduces the consumption of computational resources;
second, it greatly improves processing speed; and third, it significantly enhances the algorithm’s generalization ability
[12].

Table 3 Comparison of Optimization Effects

Metric Traditional Trajectory Tree
Optimization Algorithm

Spatiotemporal Joint Pruning Strategy Based
on Reinforcement Learning

Average Processing Time (seconds) 1.5 0.8
Memory Usage (MB) 2000 1500
Accuracy (%) 92 96
Recall (%) 88 94

From the data comparison in Table 3, it is clear that, compared to traditional trajectory tree optimization algorithms, the
optimized spatiotemporal joint pruning strategy based on reinforcement learning has achieved significant improvements
in both processing time and memory usage. Meanwhile, accuracy and recall rates have also been improved. This fully
demonstrates that the optimization not only enhanced the algorithm’s operational efficiency but also improved the
model’s performance.
In summary, the spatiotemporal joint pruning strategy based on reinforcement learning has shown remarkable results in
the optimization of complex intersection trajectory trees [13]. By reducing computational resource consumption and
improving processing speed, this strategy effectively enhances the algorithm’s operational efficiency, while also
improving its practicality and reliability in real-world applications. This is particularly important for real-time data
processing and handling large-scale datasets in practical applications [14].

3.3 Spatiotemporal Comparative Experimental Verification

To validate the necessity of the spatiotemporal joint pruning strategy, three experimental groups will be set up for
comparative verification, as follows: Control group 1 disables the time pruning module and retains only the spatial
pruning strategy. Control group 2 disables the spatial pruning module and retains only the time pruning strategy. The
experimental group enables both the spatial and time pruning modules simultaneously, which is referred to as joint
pruning.
The experiment will be evaluated based on four metrics: pruning efficiency, computational time, and the safety and
smoothness of the paths involved. The four metrics are defined as follows:
Pruning Efficiency: The proportion of paths retained after pruning relative to the total number of paths.
Computational Time: The running time (in milliseconds) from input to the output of the pruning results.
Safety: The collision probability of the paths after pruning.
Smoothness: The rate of curvature change of the path.

Table 4 Comparative Experimental Verification Results

Method Pruning Efficiency
(%)

Computational Time
(ms) Collision Probability (%) Smoothness

Only Spatial Pruning 65 120 8.2 0.15

Only Temporal Pruning 70 110 6.5 0.12

Joint Pruning 85 90 4.1 0.08

From the experimental results in Table 4, it can be observed that the joint pruning efficiency is significantly higher than
that of single pruning, indicating that spatiotemporal joint pruning retains more valid paths. Joint pruning also has lower
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computational time, as it avoids redundant calculations. The collision probability of joint pruning is reduced by more
than 50%, proving that spatiotemporal joint pruning is better at avoiding dynamic obstacles. The smoothness of the joint
pruning paths is optimal (with the lowest standard deviation of curvature), making it more suitable for real-world
vehicle control. From the table, it is clear that the spatiotemporal joint pruning strategy based on reinforcement learning
outperforms the non-joint pruning algorithms in terms of execution time. This result fully demonstrates that the
proposed strategy is more efficient when handling complex intersection trajectory trees. This experiment shows that
temporal pruning compensates for the spatial pruning’s blind spots in dynamic environments, emphasizing the
synergistic effect of joint pruning.

4 CONCLUSION

This study addresses the key challenge of trajectory tree optimization in complex intersection scenarios and
innovatively proposes a spatiotemporal collaborative pruning strategy based on reinforcement learning, which
significantly enhances the computational efficiency and topological rationality of trajectory trees in intelligent path
planning and behavior prediction. First, the paper systematically critiques the inherent limitations of classical trajectory
tree optimization algorithms and their variants in dynamic traffic environments, pointing out their significant
shortcomings in emergency response capability, high real-time requirements, and adaptability to dynamic environments.
To overcome this bottleneck, the research cleverly integrates the intrinsic advantages of reinforcement learning in
strategy optimization and autonomous learning, constructing a collaborative coupling architecture for spatial and
temporal pruning joint optimization.
To implement this strategy, this paper proposes a multidimensional state representation, a diversified action mechanism,
and a comprehensive reward function that balances spatial and temporal efficiency. The constructed reinforcement
learning model can autonomously learn the optimal pruning strategy in complex intersection environments, effectively
compressing the search space and improving the trajectory tree construction efficiency and path quality.
In the rigorous experimental evaluation phase, this study set scientifically designed training hyperparameters and
comprehensively validated the proposed pruning strategy from multiple dimensions, including clustering density,
optimization performance, and computational overhead. The experimental results show that, compared to traditional
trajectory tree optimization algorithms, the proposed spatiotemporal joint pruning strategy based on reinforcement
learning improves accuracy by 4%, while reducing algorithm runtime by 46.7%, demonstrating significant advantages.
In large-scale data scenarios, this allows for higher optimization results in less time, fully verifying its effectiveness and
practicality. Additionally, comparison experiments with spatiotemporal joint pruning, spatial pruning, and temporal
pruning reveal that temporal pruning compensates for the blind spots of spatial pruning in dynamic environments, while
emphasizing the synergistic effect of joint pruning.
In summary, the proposed strategy demonstrates excellent performance and vast application prospects in the complex
intersection trajectory tree optimization task. Future research can expand in the following directions: first, extending the
strategy to more types of urban traffic scenarios to verify its adaptability and robustness in diverse environments;
second, exploring the application of graph neural networks in dynamic state modeling to further enhance the strategy’s
generalization ability and intelligence level; and third, optimizing the algorithm’s real-time performance, scalability, and
deployment efficiency to promote its practical application in autonomous driving systems.
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Abstract: The Internet of Vehicles aims to achieve zero traffic casualties, zero congestion and extreme communication,
focusing on reliable interconnection mechanisms. With the development of intelligent transportation, information
exchanges on automobile networks are frequent, and security certification with limited resources and low latency needs
to be implemented to ensure the functions of the Internet of Vehicles. Therefore, this paper proposes a blockchain-based
conditional privacy protection authentication method for the Internet of Vehicles. First, the dynamic revocation of
illegal vehicles is realized through smart contracts, which improves the security and efficiency of the Internet of
Vehicles; secondly, the proposed method is proved through theoretical deduction and logical demonstration under
adaptive selection information attacks in the random oracle model. security; Finally, simulation tests on key algorithms
of vehicle registration, login and authentication, and smart contract demonstrate the good feasibility, stability and
efficiency of the proposed method. Experimental results show that the proposed method has significant advantages in
authentication efficiency, especially suitable for resource-limited IoT, provides new ideas for communication security
of IoT and can be widely used in the field of smart transportation.
Keywords: Internet of Vehicles; Conditional privacy; Authentication; Blockchain; Smart contract

1 INTRODUCTION

With the enhancement of vehicle sensing, communication, storage and computing capabilities, Vehicle Ad-hoc
Networks (VANETs)[1] have become the core technology for realizing the next generation of intelligent transportation
systems and future smart cities [2]. The core advantage of the Internet of Vehicles is its ability to provide key
information in real time, thereby enhancing the intelligence and adaptability of the entire transportation system.
However, the large amount of data exchanged and stored in VANETs [3] poses a serious threat to user privacy.
Traditional Internet of Vehicles security mechanisms mostly rely on one or more central authorities to conduct identity
verification, authorization and other security-related operations, causing their limitations to begin to emerge [1].
In addition, in domestic and foreign research, they are generally divided into the following three categories: public Key
infrastructure (PKI)-based authentication schemes [4], identity-based signature (IBS)-based authentication schemes [5],
and certificateless signature (CLS)-based authentication schemes [6]. When dealing with vehicle networking
communication security issues, traceability and anonymous communication efficiency still need to be further improved.
Therefore, ensuring the security of data transmission and protecting user privacy have become two important and urgent
needs in VANETs [7].
As a mobile ad-hoc network that does not rely on external infrastructure, the vehicle-mounted ad hoc network consists
of vehicles equipped with vehicle-mounted units (OBUs). Communication between vehicles (V2V) and vehicles and
infrastructure (V2I) is realized through wireless communication technology. The network uses the Dedicated Short-
Range Communication (DSRC) protocol [8], which allows vehicles to broadcast information and adjust driving routes,
while roadside units are responsible for providing information and feeding back data, thereby improving road safety and
traffic efficiency. It is a cutting-edge technology in intelligent transportation systems. However, in the open
environment of the Internet of Vehicles, attackers can easily intercept and tamper with messages, which leads to privacy
leaks and security risks. Therefore, vehicles need to be verified when transmitting information and take measures to
protect privacy. The academic community has proposed the concept of "conditional privacy protection", which protects
user privacy under normal circumstances, while allowing de-anonymity to trace identity under certain circumstances.
This has become an important research direction in the design of the Internet of Vehicles. Blockchain technology
combines technologies such as distributed data storage to achieve decentralization and data tamper-proof characteristics
of the network. Through hierarchical architecture and consistency algorithms, blockchain technology solves trust issues
and uses smart contracts to realize automated contract execution, providing an effective solution for digital transactions.
Asymmetric encryption technology ensures secure communication through a key pair mechanism and ensures the
immutability of transaction data. Elliptic Curve Cryptography (ECC)[9], as an efficient asymmetric encryption
algorithm, provides a powerful authentication mechanism with its small key size.
Based on the development background and related technologies of the Internet of Vehicles introduced above, there are
the following challenges in the current research on privacy protection certification of the Internet of Vehicles. On the
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one hand, malicious attackers may take advantage of the openness of the Internet of Vehicles to tamper with data, forge
identities or launch denial-of-service attacks, threatening driving safety and personal privacy. On the other hand, most
of the currently widely used IoT security mechanisms are based on centralized architecture. They have inherent
limitations when dealing with dynamically changing and widely distributed IoT environments, which are often
accompanied by increased communication delays and potential security loopholes. Once the centralized certification
center is attacked or failed, it may cause the entire IoT security system to be paralyzed.

2 WORK DESIGN AND IMPLEMENTATION PLAN

This paper proposes a conditional privacy protection certification framework and protocol for the Internet of Vehicles
based on blockchain technology. The plan abandons the reliance on centralized and trusted third parties, introduces a
mechanism that allows conditional tracking of illegal vehicles, and realizes decentralized dynamic revocation of illegal
vehicles through smart contracts. The implementation and evaluation of the Ethereum test network proves that the
solution is effective in terms of safety and performance, providing new ideas for safe communication in intelligent
transportation systems, and also providing valuable reference for future safety research and practice of the Internet of
Vehicles.

2.1 Implementation Method

The system model of this scheme consists of three parts, namely the upper layer (trusted institution), the lower layer
(vehicles and roadside units), and the auxiliary layer (smart contract and blockchain). This section will provide a
detailed introduction to the blockchain-based Conditional Privacy-preserving Aggregate Signature Schema for Vehicle
Ad Hoc Networks (BCPAS) proposed in this work. BCPAS consists of seven parts: system initialization, smart contract
deployment, vehicle registration, login and authentication, pseudonym identity update, vehicle revocation, and
password update.
2.1.1 System initialization
In the initialization phase, the Trusted Authority (TA) generates release system parameters and uses the elliptic curve
encryption algorithm to initialize the alliance chain.
Blockchain initialization: TA launches an alliance chain between predetermined network nodes based on the PBFT
consensus mechanism to maintain the stable operation of the blockchain. During this process, TA certified all
blockchain managers (pre-selected trusted RSUs) and granted them the right to participate in the consensus process. In
addition, the alliance chain will maintain a vehicle pseudonym key table, aggregate V2I and V2V communication
messages, and ensure that all transaction information is securely stored on the blockchain.
2.1.2 Smart contract deployment
TA compiles and deploys the input of smart contracts onto the alliance chain, and blockchain managers will verify these
contracts and assign them a unique address, allowing authorized transactions to make calls. In BCPAS, smart contracts
provide a secure and reliable Application Programming Interface (API) for vehicle pseudonym key table management
services in alliance blockchain.
In the BCPAS scheme, the query authority is predefined for the vehicle pseudonym key table within the alliance
blockchain, where only alliance blockchain nodes (including TA and some trusted alliance blockchain RSU nodes) are
authorized to conduct queries. This configuration aims to provide conditional privacy protection for vehicles while
enhancing the traceability and non-relevance of the Internet of Vehicles.
2.1.3 Vehicle registration
In order to obtain the certification factors required for communication, all vehicles and their owners need to register
with the TA during the vehicle registration phase. This stage serves as the basis for this agreement to achieve
conditional privacy protection. The entire process is carried out within a secure channel, and TA is offline during the
entire process.
2.1.4 Login and authentication
When a vehicle needs to send a communication message to other nearby vehicles or RSUs for information exchange,
the following steps need to be performed: First, the identity authentication process of the vehicle user is performed. The
authentication is successful. OBU further selects a random number and then sets the signature for the message., and
broadcasts the information to surrounding vehicles and RSUs. When a message is received, the recipient (i.e., adjacent
vehicles or RSU) first verifies the freshness of the timestamp. If it has not expired, the recipient will further query the
record with PIDi in the vehicle pseudonym key table maintained by the alliance chain, thereby obtaining the public key
vpki of the associated vehicle. The recipient then verifies the validity of the signature σi.
2.1.5 Pseudonym identity updates
In BCPAS, the validity of a vehicle pseudonym is set to a certain time period, ensuring privacy protection during the
validity period of the pseudonym. In order to effectively prevent the disclosure of vehicle privacy, it is crucial to update
the vehicle pseudonym in a timely manner before the vehicle pseudonym expires. In addition, this plan stipulates that
the update operation of pseudonym identities must be performed in an offline environment. This measure aims to
enhance pseudonym security and ensure that it will not be affected by online threats during the update process. Finally,
RSU removes overdue information from the vehicle pseudonym key table of the alliance chain and updates VPKIT to
enable future traceability of violating vehicles.
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2.1.6 Vehicle cancellation
When building a security mechanism for the Internet of Vehicles based on blockchain technology, it is important to
maintain accurate vehicle status information. When a vehicle leaves a specific area or waits to exit, the smart contract
performs a revocation operation to update the vehicle status. In BCPAS, TA uses the blockchain consensus mechanism
to call the vehicle revocation algorithm revokevPkID(PIDi) to perform the revocation operation. The revocation process
includes deleting specific data from the vehicle pseudonym key table, broadcasting information on the revoked vehicle,
adapting to the distributed characteristics of the Internet of Vehicles, and ensuring that other vehicles receive status
updates in real time. In addition, in order to prevent attackers from maliciously modifying legal vehicle information,
BCPAS adopts a mandatory access control mechanism to ensure that only TA has the authority to modify vehicle
information in VPKIT.
2.1.7 Password updates
In the open network environment of the Internet of Vehicles, V2V and V2I communications need to protect user
privacy and prevent the disclosure of user identity and location information. By updating the password, the correlation
of each communication can be effectively isolated, making it difficult for an attacker to track the trajectory of a specific
vehicle, thereby protecting user privacy. In addition, in case an attacker may try to obtain a password through various
means (such as brute force cracking, social engineering, etc.), regular updates of the password can prevent unauthorized
access and reduce the risk of being cracked. Even if the old password is cracked, the attacker cannot access the system,
thus protecting the security of vehicle communications.

2.2 Technical Indicators

First, the performance of the smart contract implemented in this work is evaluated, and the three key functions of
registration, public key query and vehicle cancellation are tested 200 times, and the average value is taken as the final
test result.
Then analyze the performance overhead of key operations of non-smart contracts in BCPAS. This work analyzes the
computing overhead of the vehicle in the scheme from three stages: pseudonym generation, message signature
generation, and message signature verification. When the vehicle sends a single message for communication, the
communication overhead of the vehicle-side broadcast message in the scheme is analyzed in detail.

3 SYSTEM TESTS AND RESULTS

This chapter introduces the construction and implementation of the Internet of Vehicles certification system based on
alliance chain. The system consists of six core components: front-end interface, back-end services, Fabric SDK, smart
contract, blockchain network and MySQL database. It aims to provide a safe and efficient identity authentication
solution for the Internet of Vehicles. The front-end interface is built based on Vue3 and is responsible for visual display
of system functions; the back-end service uses Go language gin+gorm framework to facilitate the implementation of
vehicle and RSU authentication protocols, provides a data interface to the front-end and calls the Fabric SDK; the
Fabric SDK is implemented in Go language and is responsible for calling the smart contract; the smart contract is
deployed on the Alliance Chain Management Committee node, which carries contract execution and contains
distributed ledger, which is used to store information required by TA in the authentication protocol; The MySQL
database is used to store the information required by users and servers in the authentication protocol.

3.1 Test Protocol

In order to verify the feasibility and effectiveness of the proposed blockchain-based privacy protection certification
scheme for the Internet of Vehicles, this chapter conducts a comprehensive test of the system. During the functional test,
the established vehicle user information is input, the registration, login and certification stages of the Internet of
Vehicles certification protocol are simulated, and the vehicle data is stored in the database. The test involves user
interaction with the system to ensure that the system performs the registration and authentication processes as expected
and verify its ability to store and manage user data. In terms of performance testing, traditional protocols lack
comprehensive simulation analysis of the authentication process. This research builds a complete simulation
environment to evaluate the performance of the solution. The work consists of a client (calling smart contracts), a
backend service (implementing the authentication protocol between the vehicle and the RSU) and other parts
(processing vehicle user registration), all implemented in GO language to ensure efficient and accurate simulation. The
test results show that the proposed certification system meets expectations in terms of processing speed and response
time, meets the real-time and efficiency requirements of the Internet of Vehicles, and its stability and reliability have
been verified to ensure that actual deployment is feasible. Through testing, it has been proved that the program meets
the requirements and has obvious performance advantages, providing an efficient and reliable solution for Internet of
Vehicles security certification and privacy protection.

3.2 Performance Test
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The performance testing part aims to evaluate the performance of the proposed blockchain-based IoT certification
system in terms of processing power and response speed. This section details the performance testing of smart contracts
and the performance overhead analysis of other key operations.
3.3.1 Smart contract performance testing
Performance testing of smart contracts focuses on the execution time of the contract algorithm, which is a key indicator
to measure system efficiency. The experiment uses the open-source Fabric test-network scripts released by the
Hyperledger community (https://github.com/hyperledger/fabric-samples) and the LevelDB block-storage configuration
that ships with the default docker-compose template. A JavaScript client built with fabric-gateway v1.4.0 was run on an
Ubuntu 22.04 LTS virtual machine (8 vCPU, 16 GB RAM) to repeatedly invoke the smart-contract APIs. All functions
—including initialization, data insertion, update, query and deletion—were executed 100 times each, and the round-trip
latency was measured at the client side via the built-in performance.timer() utility. The raw latency logs were then
averaged to obtain the time-cost data presented in Table 1. The test results show that the execution time of the smart
contract is within the acceptable range, which proves the efficiency of the system at the smart contract level..

Table 1 function Execution Time
Operation Average execution time (μs)

vehicle registration 502
Public key query 445

Vehicle cancellation 587

Concretely speaking, this scheme tests registration, public key query and vehicle revocation 200 times respectively for a
given data set, and takes the mean value as the final result. The results show that the time cost of vehicle registration,
public key query and vehicle revocation are 502μs, 445μs and 587μs respectively. Therefore, even if these operations
are frequently invoked, the time cost is still acceptable, which proves the reliability and efficiency of the smart contract
in this scheme.
3.3.2 Calculation overhead analysis
Computing overhead analysis focuses on evaluating computing efficiency in the IoT certification solution. This paper
analyzes the computational costs of key operations such as pseudonym generation, message signature generation, and
message signature verification. By conducting simulation experiments on laptops with certain configurations, the
execution times of different encryption operations were collected and multiple tests were conducted to ensure the
accuracy of the results.
In this paper, a notebook computer configured as shown in Table 2 is used to simulate the execution time of different
encryption operations, and tested 200 rounds through the MIRACLC/C++ encryption library, and the average value is
used as the final simulation result. See Table 3 for details.

Table 2 Simulation Machine Configuration
configuration specific parameters
memory 16GB

memory frequency 4800MHz
operating system Windows 11
graphics card NVIDIA GeForce RTX 3060

CPU 12th Gen Intel(R) Core(TM) i7-12700H

Table 3 Encryption Operation Execution Time
encryption operation Average execution time (ms)

Tpa 0.0012
Tsm 0.1738
Tim 0.0245
Th 0.0003

Note:Tpa is the time taken to perform a point-add operation, Tsm is the time taken to perform a scalar multiplication operation, Tim
is the time taken to perform a whole multiplication operation, Th is the time taken to perform a hash operation.

The total calculation overhead of the three stages of Scheme 1, Scheme 2, Scheme 3 and this scheme is 1.0467ms,
1.0458ms, 1.5669ms, and 0.8723ms respectively.
In order to intuitively compare the differences in computing costs between the proposed scheme in this work and the
other three schemes in the certification process, Figure 1 and Figure 2 show the computing costs of the vehicle at
different stages of the certification process and the entire stage respectively.
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Figure 1 Computing Overhead at Different Stages of the Authentication Process

Figure 2 Total Computing Overhead of the Authentication Process

It can be seen from Figure 2 that this scheme is the lowest among all schemes for the total computing overhead in the
authentication phase. Especially compared with previous works[10-12], this scheme reduces the total computing
overhead by about 45%.
3.3.3 Communication overhead analysis
The communication overhead analysis takes into account the message size that the vehicle needs to send during the
communication process. Parameters such as cyclic group size, infinite field size and timestamp size are defined, and the
communication overhead of vehicle broadcast messages in each scheme is analyzed. The results show that the proposed
scheme has advantages in terms of communication overhead, especially when sending vehicle messages in batches.
This scheme only considers the situation where the vehicle sends a single message for communication. The size of the
parameters involved in the communication process is predefined as follows: the size of the cyclic group G is 40 bytes,
the size of the infinite field z is 20 bytes, and the size of the timestamp is 4 bytes. The following is a detailed analysis of
the communication overhead of vehicle-side broadcast messages in each scheme, as shown in Figure 3.

Figure 3 Comparison of Communication Overhead

It can be seen from Figure 3 that the communication overhead of this scheme is the lowest among all the comparison
schemes. By well integrating the alliance chain with cryptographic primitives such as elliptic curves, even if there are
security loopholes in the trusted party, BCPAS can still utilize acceptable communication overhead to achieve
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conditional privacy protection. Compared with the schemes in documents that also adopt ECC technology and other
documents, BCPAS reduces the communication overhead by 35% and 50% respectively. In particular, when the
traditional authentication scheme requires the transmission of multiple messages and signatures to complete batch
message broadcasting for vehicles, BCPAS only needs to transmit multiple messages and one signature at a time,
thereby greatly reducing the occupation of channel resources and message transmission costs.

4 CONCLUSION

In view of the shortcomings of existing Internet of Vehicles authentication mechanisms in centralized dependence, key
escrow, efficiency and privacy considerations, this paper proposes a conditional privacy protection authentication
scheme with alliance chains and smart contracts as the core: lightweight signatures are implemented through elliptic
curve cryptography, and distributed identity registration, dynamic revocation and pseudonym updates are completed
with the help of the alliance chain's PBFT consensus and smart contracts, eliminating the single point of failure and key
escrow risks in traditional PKI/IBS/CLS architecture. Experimental results show that the average time spent on vehicle
registration, public key query and revocation operations of this scheme is less than 600 μs, and the overall computing
and communication overhead are reduced by about 45% and 35%-50% respectively compared with similar studies,
meeting the needs of low-latency and resource-limited scenarios for the network of vehicles. Therefore, this work
provides a new decentralized certification paradigm for the Internet of Vehicles with efficient, scalable and traceable
support conditions, which can directly serve the safe communication of smart transportation systems.
Faced with the development of the Internet of Vehicles and the enhanced capabilities of attackers, future research can
focus on two aspects: First, develop practical Internet of Vehicles certification solutions to reduce implementation costs,
enhance decentralized attributes, improve security and privacy protection, and use blockchain decentralization. Features
ensure data security, transparent recording and automatic execution of smart contracts, improving efficiency and data
protection; The second is to explore lightweight authentication solutions to reduce computing, communication and
storage pressures and improve system performance and operability after application of quantum cryptographic
algorithms.
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Abstract: This paper proposes an AI-based intelligent system for students' career planning, which integrates
technologies such as big data analysis, machine learning, and natural language processing to construct a "data-model-
service" architecture. The system consists of three modules: data collection and preprocessing, intelligent analysis,
planning generation, and interaction. By leveraging technologies including multi-source data fusion, the combination of
reinforcement learning and knowledge graphs, and natural language generation, it realizes precise, personalized, and
dynamic career planning services for students. Experiments show that this system increases the rationality score of
career goals by 24.2%, improves the matching degree of first employment positions by 14.7%, and raises student
satisfaction by 35.5%, providing a technical solution for the digital transformation of students' career planning
education.
Keywords: Artificial intelligence; Students' career planning; Intelligent system; Big data analysis; Machine learning

1 INTRODUCTION

Driven by the in-depth restructuring of the global economic structure and the accelerated iteration of science and
technology, the dynamics and complexity of the student employment market have reached an unprecedented level.
Students' career planning has become a systematic project that integrates multiple dimensions, including their own
interests, ability structures, value orientations, market demand characteristics, and industry development trends.
However, the traditional model of students' career planning is limited by the shortcomings of static assessment tools and
the subjectivity of experience-based guidance. It can hardly meet the personalized and differentiated development needs
of students, nor can it respond promptly to the rapidly changing employment ecosystem[1].
Artificial intelligence (AI) technology provides an innovative solution to address issues such as difficulties in data
integration and insufficient personalization in traditional career planning services. By virtue of distributed computing
and deep learning algorithms, it conducts cross-dimensional analysis of students' behavioral data and dynamic
employment market data, and constructs a two-way mapping model to achieve accurate matching. Specifically, it parses
job information through natural language processing, builds career paths using knowledge graphs, and dynamically
optimizes planning strategies with the help of reinforcement learning[2]. This paper focuses on constructing a closed-
loop system of "data collection-intelligent analysis-dynamic planning-interactive service", integrating cutting-edge
technologies to achieve an upgrade from static recommendation to dynamic evolution, and providing a technical path
for improving the intelligence level of students' career planning services[3].

2 RELEVANT TECHNICAL FOUNDATIONS

2.1 Big Data Analysis Technology

Big data analysis technology has significant advantages in the field of students' career planning. Its data system
integrates on-campus academic trajectory data (such as structured and semi-structured data including GPA, course
selection, club participation, and internship records) and external career ecosystem data (such as unstructured and
structured data including industry white papers, job demand matrices, and dynamic career development graphs),
forming a multi-dimensional and three-dimensional data network[4]. This network can not only depict students'
knowledge reserves, ability evolution, and interest tendencies in detail but also fully reflect the skill requirements,
industry trends, and career paths of the employment market.
Through distributed computing frameworks such as Hadoop and Spark, efficient cleaning, transformation, and
integration of multi-source heterogeneous data scattered in different systems and formats can be achieved, effectively
solving the problem of data silos[5]. At the same time, with the support of distributed storage and parallel computing
capabilities, the processing efficiency of large-scale data is significantly improved, providing high-quality data support
for the subsequent intelligent analysis and precise services of career planning.
In the data mining process, the Apriori algorithm is used to mine strong association rules between course grades and
career success. This algorithm is based on the apriori property and mines association relationships through layer-by-
layer iterative search. In practical applications, course grade data is first discretized into transaction datasets, and then
thresholds for support (≥20%) and confidence (≥75%) are set to screen frequent itemsets and generate strong
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association rules. This algorithm can effectively reveal the potential associations and patterns between data, construct a
mapping relationship model between students' individual characteristics and career requirements, and provide
quantitative support for the subsequent generation of students' career planning[6].

2.2 Machine Learning Technology

As the core support of the AI technology system, machine learning endows the system with the ability to extract
insights from historical data and make forward-looking predictions by constructing data-driven adaptive models[7]. In
the intelligent system for students' career planning:
 The supervised learning module adopts the Gradient Boosting Decision Tree (GBDT) algorithm to build a student
career prediction model. It uses GOSS (Gradient-based One-Side Sampling) gradient sampling technology to handle the
high-dimensional feature space (with approximately 1000+ dimensions), achieving accurate classification of students'
career tendencies.
 The unsupervised learning component integrates Kernel Principal Component Analysis (KPCA) and t-distributed
Stochastic Neighbor Embedding (t-SNE) dimensionality reduction algorithms to map high-dimensional career features
to a low-dimensional manifold space, revealing the implicit semantic association structure in career data.
 The reinforcement learning framework constructs a dynamic decision-making model based on the Deep Q-Network
(DQN) architecture. By designing a multi-objective reward function that includes career matching degree, student
satisfaction, and feasibility evaluation, it realizes the adaptive optimization of students' planning suggestions.
The entire machine learning system adopts a dual-cycle mechanism of offline training and online fine-tuning,
continuously improving the prediction accuracy of students' career development trajectories and the quality of planning
suggestions through dynamic adaptation[8].

2.3 Natural Language Processing Technology

As the core technology for processing unstructured text data, natural language processing (NLP) realizes the intelligent
parsing of text data such as recruitment information and industry dynamics in the context of career planning by
constructing semantic understanding models. At the technical application level:
 The text classification module combines the BERT-base pre-trained model with a fully connected classification
layer, achieving an F1-score of over 92% in the recruitment information classification task, which can efficiently
distinguish different job requirements such as technical and management positions[9].
 The named entity recognition component is based on the BiLSTM-CRF network structure, integrating character
vectors and word vectors, and achieves an accuracy rate of over 95% in recognizing entities such as job titles and skill
keywords, providing structured semantic units for subsequent intelligent analysis[10].
 The sentiment analysis module uses the TextCNN model combined with the VADER sentiment lexicon, achieving
an accuracy rate of 88% in judging the sentiment polarity of industry reviews, which can quantitatively evaluate the
social recognition of occupations[9].
 The machine translation module adopts a Neural Machine Translation (NMT) architecture, which is fine-tuned
based on the public WMT dataset and supports multi-language translation such as Chinese-English and Chinese-
Japanese, helping students obtain global career information[11].
The entire NLP system improves the semantic understanding accuracy and information extraction efficiency of text in
the career field through end-to-end training and domain adaptation optimization.

3 DESIGN OF THE INTELLIGENT SYSTEM ARCHITECTURE

3.1 Data Collection and Preprocessing Module

This module is responsible for the collection, integration, and standardized processing of multi-source heterogeneous
data, and provides high-quality data support for subsequent intelligent analysis by constructing a full-link data
governance system. On-campus data is connected in real-time with the school's educational administration system and
student management system through API interfaces, covering a wide range of data including students' basic information,
detailed course grades, reward and punishment records, and practical activity trajectories. External data is incrementally
collected from channels such as recruitment platforms, industry research databases, and government open data portals
relying on a distributed crawler framework, with a daily data collection volume of more than 100,000 pieces.
To address issues such as inconsistent formats, missing values, and noise pollution in the collected data, a multi-level
data cleaning process is constructed. Multiple imputation and random forest regression models are combined to handle
missing values, and isolation forests and Local Outlier Factor (LOF) algorithms are used for joint detection of noisy
data[12]. In the data transformation stage, a combined strategy of LabelEncoder and One-Hot Encoder is adopted to
realize the vectorization encoding of categorical features, and the TF-IDF algorithm is used to weight text data[13].
Finally, the standardized data is stored in a distributed data warehouse through the ETL (Extract-Transform-Load)
process, forming a structured data asset pool and providing highly available data input for the intelligent analysis
module[14].

3.2 Intelligent Analysis Module
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As the core of the system, the intelligent analysis module integrates big data analysis, machine learning, and natural
language processing technologies to build a deep analysis engine. Firstly, it conducts multi-dimensional analysis of
students' on-campus data through a distributed computing framework, and uses graph neural networks to construct a
three-dimensional student profile including learning ability indicators, interest preference graphs, and practical ability
matrices. At the same time, based on the time-series analysis model of industry data, it extracts dynamic features such
as industry growth prediction curves, job demand heat maps, and salary distribution quantiles.
In the matching decision stage, a hybrid recommendation algorithm architecture is adopted:
 A supervised learning model based on LightGBM predicts the career adaptation probability[15].
 A graph collaborative filtering algorithm is used to mine the career paths of similar students.
 An attention mechanism is employed to fuse the output weights of the two types of models.
The natural language processing component uses BERT-whitening semantic encoding technology to convert the skill
requirements in recruitment information into ability gap indicators in the vector space, and calculates the cosine
similarity with the students' skill graphs to generate a personalized improvement plan that includes technical stack gaps
and certificate acquisition priorities[16]. The entire analysis process is continuously optimized through an incremental
learning mechanism. When new data triggers the threshold, the model parameter fine-tuning process is automatically
initiated[17].

3.3 Planning Generation and Interaction Module

After the intelligent analysis module outputs the student profile and career matching results, the planning generation
module generates a full-cycle personalized career planning plan for students by constructing a hierarchical planning
model. This plan adopts a three-dimensional architecture design:
 The short-term academic improvement layer uses a course association rule algorithm to generate course selection
suggestions, and recommends certification exams based on the mapping matrix between certificates and career
requirements.[18]
 The medium-term practical planning layer formulates an internship plan based on the internship position semantic
matching model, and recommends practical projects through the correlation analysis of competitions and skill
improvement[19].
 The long-term development path layer uses a career transition probability graph model (built based on GNN) to
generate multi-branch career development trajectories[20].
The interaction module constructs a multi-modal human-computer interaction system, integrating natural language
processing and visualization technologies, and supports full-scenario coverage of the Web terminal (React+Redux) and
mobile terminal (Flutter). The system adopts a hybrid intent recognition model of "FastText + rule engine":
 First, it recognizes more than 20 types of core intents through 300-dimensional semantic vectorization (with an
accuracy rate of 92.3%)[21].
 Then, it combines the career knowledge graph to increase the accuracy to 96.7%[22].
 An LSTM module is used to maintain 10 rounds of dialogue history to update user demand labels.
The planning plan is presented in a timeline + skill tree visualization format. The ECharts Gantt chart decomposes the
planning stages, with detailed information cards attached to the nodes. The timeline supports weekly granularity
adjustment. When the target node is dragged, the PPO algorithm is triggered to dynamically recalculate, and the 8-layer
neural network is used to realize the plan regeneration within 100ms and update the weights of the visualization
nodes[23].

4 IMPLEMENTATION OF KEY TECHNOLOGIES

4.1 Student Profile Construction Technology

The construction of student profiles adopts multi-dimensional data fusion technology, and three-dimensionally depicts
students' abilities through a three-layer feature extraction system:
 In the academic performance dimension, time-series analysis is used to dynamically model course grades,
calculate statistical indicators such as average scores and standard deviations, and analyze score trends and learning
ability progression by combining sliding window technology and educational data mining algorithms.
 In the interest dimension, a ternary association network of club participation, course selection, and competition
investment is constructed, and graph embedding technology and vector space analysis are used to identify interest fields
and potential development directions.
 In the practical ability dimension, a practical ability evaluation matrix is built based on internship positions,
project results, and skill certificates. The TF-IDF algorithm is used to calculate the importance of various practical skills,
and the students' practical application and professional skill levels are comprehensively evaluated [7].
In the dimensionality reduction process, Principal Component Analysis (PCA) is used to optimize high-dimensional
features. By solving the eigenvalues and eigenvectors of the data covariance matrix, the principal feature dimensions
that retain more than 85% of the information are selected, which removes redundancy while retaining key features,
realizing efficient dimensionality reduction of student feature data. In the clustering analysis stage, the DBSCAN
density clustering algorithm is used, with scientific setting of neighborhood and sample thresholds. Based on the spatial
distribution density and correlation of data points, students with similar features are divided into different groups,
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providing an accurate group division basis for the subsequent personalized career planning of students. This systematic
student profile construction process can comprehensively and accurately depict the comprehensive characteristics of
students, laying a data foundation and analysis support for the generation of students' career planning suggestions.

4.2 Career Matching Algorithm

The career matching algorithm realizes accurate person-job matching by constructing a two-way mapping model
between students' features and career requirements. The content-based recommendation framework converts students'
skill graphs, interest preferences, and ability evaluations into high-dimensional student feature vectors, and at the same
time constructs career demand vectors based on the skill requirements and job content characteristics of occupations.
The matching degree between the two is quantified through cosine similarity calculation, and the initial candidate career
set is screened out.
To improve the matching accuracy, the algorithm introduces domain knowledge to construct a weight matrix, adjusting
the feature weights according to different occupation types. For positions with prominent professional skill
requirements, the weight proportion of relevant features such as learning ability and industry certification is
automatically increased. In the secondary optimization stage, combined with the logistic regression classification model,
historical student career selection data is used to train the model to learn the implicit patterns between students' features
and career matching. The matching probability of the initial matching results is calculated and sorted, and finally, a
personalized career recommendation list sorted by matching degree from high to low is generated.

4.3 Dynamic Planning Adjustment Technology

Considering the dynamic changes in students' growth and the employment market, students' career planning can build
an adaptive planning system with the help of reinforcement learning technology. This system defines students' actions
as state transitions, quantifies action feedback as reward values, and optimizes strategies using algorithms such as Q-
learning by constructing a "state-action-reward" triplet sequence to explore the optimal career planning path for students.
The system maintains a state space containing multi-dimensional features such as skill graphs, internship experiences,
and academic scores for each student. When students implement the planning suggestions, the system gives
positive/negative rewards based on feedback, updates the Q-value through the Bellman equation, and adjusts the
priority of suggestion recommendations. At the same time, the system regularly captures external data such as industry
reports and recruitment requirements. When it detects that changes in industry demands or skill requirements exceed the
threshold, it triggers the re-optimization of the planning plan, dynamically adjusts career goals and skill improvement
plans, and ensures that the planning plan is synchronized with the dynamics of the employment market.

5 EXPERIMENTS AND VERIFICATION

5.1 Experimental Design

Students majoring in Computer Science and Technology and Electronic Information Engineering from the same grade
of a university were selected as the experimental subjects, and divided into an experimental group and a control group.
The experimental group adopted the intelligent career planning system proposed in this paper, while the control group
used the traditional career planning guidance method. The experimental cycle was one academic year. Before the
experiment, the basic information of all students was collected and a pre-test of career planning (covering interests,
abilities, career cognition, etc.) was conducted. After the experiment, a post-test was carried out to evaluate the
accuracy of career planning and student satisfaction. Among them, the accuracy of career planning was judged by
combining expert evaluation and actual employment tracking, and student satisfaction was obtained through a
questionnaire survey (Table 1-6).

Table 1 Statistics of Basic Information of Experimental Subjects

Field Name Experimental Group (n=100) Control Group (n=100)

Major
Distribution

52 students in Computer Science and Technology /
48 students in Electronic Information Engineering

50 students in Computer Science and Technology /
50 students in Electronic Information Engineering

Gender Ratio 78 males / 22 females 80 males / 20 females

Admission
Score Average score: 82.5±5.3 Average score: 81.8±6.1

Family 65% from science and engineering families 62% from science and engineering families
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Field Name Experimental Group (n=100) Control Group (n=100)

Background

Table 2Mean Values of Pre-test Indicators for Career Planning

First-Level Indicator Second-Level Indicator Experimental Group Control Group

Interest Characteristics
Consistency of Holland Career Interest Code 0.68±0.12 0.65±0.14

Clarity of Top 3 Interest Fields 3.2±0.8 3.1±0.9

Ability Characteristics
Programming Ability Score 3.5±0.7 3.4±0.6

Problem-Solving Ability 3.8±0.6 3.7±0.5

Career Cognition
Clarity of Target Career 2.9±0.7 2.8±0.8

Correct Rate of Industry Development Cognition 61.2%±10.5% 59.8%±12.3%

Table 3 Statistics of Intervention Measures During the Experiment

Field Name Experimental Group Control Group

Intervention Frequency 9 system updates + 3
interviews 2 interviews

Number of Dynamic Adjustments to Skill Improvement Suggestions Average 4.2 times per person Average 1.1 times per person

Number of Internship Recommendations Average 5.3 times per person Average 3.1 times per person

Table 4 Post-test of Career Planning - Results of Accuracy Evaluation

Evaluation Dimension Specific Indicator Experimental Group Control Group

Expert Evaluation
Rationality of Career Goals 4.1±0.5 3.3±0.6

Skill Matching Degree 4.3±0.4 3.5±0.7

Employment Tracking

Matching Degree of First Employment
Position 75.2%±8.3% 60.5%±11.2%

Starting Salary (RMB) 8560±1200 7230±1500

Employment Satisfaction 4.2±0.6 3.5±0.8

Table 5 Post-test of Career Planning - Mean Values of Student Satisfaction
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Satisfaction Dimension Survey Question Experimental Group Control Group

Planning Science
Relevance of Course Recommendations 4.1±0.5 3.2±0.7

Persuasiveness of Career Goals 4.0±0.6 3.1±0.8

Service Experience

Convenience of System Interaction 4.3±0.4 3.0±0.9

Response Speed of Planning
Adjustments 4.2±0.5 2.8±0.7

Overall Evaluation Overall Satisfaction 4.2±0.5 3.1±0.8

Table 6 Data Comparison and Significance Test Between Experimental Group and Control Group

Comparison Indicator Experimental Group Control Group t-value p-value

Pre-test - Clarity of Interests 3.2±0.8 3.1±0.9 0.87 0.385

Pre-test - Career Cognition 2.9±0.7 2.8±0.8 0.76 0.449

Post-test - Rationality of Goals 4.1±0.5 3.3±0.6 9.82 <0.001

Post-test - Job Matching Degree 75.2%±8.3% 60.5%±11.2% 9.73 <0.001

Post-test - Satisfaction Score 4.2±0.5 3.1±0.8 10.21 <0.001

5.2 Analysis of Experimental Results

The experimental data shows that there is no significant difference in the pre-test indicators between the experimental
group and the control group, indicating that the two groups are scientifically comparable. In terms of the accuracy of
career planning, expert evaluation shows that the experimental group has a career goal rationality score of 4.1 points
(3.3 points for the control group) and a skill matching degree of 4.3 points (3.5 points for the control group). Combined
with employment tracking, it is found that the matching degree of the first employment position of the experimental
group is 75.2% (60.5% for the control group), and the starting salary is 18.4% higher than that of the control group.
These results confirm that the intelligent system can accurately connect students' characteristics with career
requirements.
The student satisfaction survey shows that the experimental group has significantly higher scores than the control group
(3.1-3.2 points) in dimensions such as relevance of course recommendations (4.1 points), persuasiveness of career goals
(4.0 points), and convenience of system interaction (4.3 points), with an overall satisfaction of 4.2 points (3.1 points for
the control group). This reflects students' recognition of the intelligent planning service.

Multi-dimensional analysis consistently verifies the effectiveness and practicality of the intelligent career planning
system. It has obvious advantages in improving the quality of students' career planning and student satisfaction, and can
provide more effective career planning support for students.

6 CONCLUSIONS AND PROSPECTS

This study constructs an AI-driven intelligent system for students' career planning, which deeply integrates technologies
such as big data analysis and machine learning to realize accurate matching, personalized recommendation, and
dynamic adjustment of career planning. Experimental data shows that the system can effectively improve the accuracy
of career planning and significantly enhance student satisfaction, providing an innovative solution for career planning
education.
However, this study also has certain limitations. For example, data collection faces great difficulties, and the algorithm
model needs further optimization. In future research, we will conduct in-depth work in expanding data sources,
optimizing algorithm models, and strengthening school-enterprise cooperation. We will continue to promote the
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application of AI technology in the field of students' career planning to help students scientifically plan their career
development paths.
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Abstract: In order to facilitate the monitoring of water area data in various regions, enhance the efficiency of
environmental monitoring, and respond to the national goals of carbon peaking and carbon neutrality, this project has
developed an intelligent unmanned detection vessel driven by a hybrid of wind and solar power. This project adopts
Raspberry PI 4b motherboards. By designing the hull of the unmanned vessel and integrating a remote control system
and an intelligent detection system, it is equipped with high-precision GPS positioning to control the unmanned vessel
to perform monitoring tasks in specific waters. By using video monitoring and various sensors to collect data, and after
analysis, the test information is transmitted in real time to the user's mobile phone APP or computer. The collected
monitoring data can be synchronized to the user's terminal device in real time to ensure the timeliness and accuracy of
the information. This system has high stability and reliability in actual operation. Meanwhile, the unmanned vessel can
generate electricity by using the wind-solar drive module to achieve its endurance. This research has certain reference
value.
Keywords: Unmanned vessel; Raspberry Pi; Hybrid power drive; Water quality monitoring

1 INTRODUCTION

Driven by the "dual carbon" goals implemented in our country and the demand for intelligent water area monitoring,
unmanned vessels are transforming from "traditional fuel-driven + manual remote control" to "new energy autonomous
drive + mission-oriented intelligent operation"[1]. Especially in small and medium-sized water area monitoring
scenarios, the requirements for the equipment's endurance, environmental friendliness, and multi-parameter perception
capabilities have significantly increased, pushing unmanned vessels to accelerate their iteration towards the "low energy
consumption - high collaboration" direction[2,3]. As surface intelligent equipment capable of autonomously completing
water area data collection and environmental monitoring, its design needs to take into account the particularities of the
operation scenarios - such as the strict requirements for endurance stability and anti-water interference capabilities[4].
Abroad, the United States initiated the research on unmanned ships as early as the 1930s. Its "Spartan Scout" and "X-2"
and other equipment were mainly focused on military reconnaissance. Their power systems were mainly powered by
diesel or lithium batteries, which had limitations such as limited endurance (single operation < 8 hours) and high carbon
emissions[5]. The Japanese Yamaha "UMV-H" and "UMV-O" also expanded to marine exploration, but they relied on a
single battery for power supply and had insufficient stability in cloudy or low wind speed environments[6]. In China,
the research on unmanned ships driven by policies has achieved breakthroughs (such as the "Zhuhai Cloud" research
vessel and the "Jinghai" series), but most of the equipment still relied on traditional power sources or single solar power.
They have shortcomings in endurance under complex weather conditions (such as continuous cloudy days)[7].
Based on the current technical status both domestically and internationally, the core competitiveness of unmanned ships
is shifting from "function realization" to "energy and environmental compatibility"[8-10]. In response to the
shortcomings of the above power system, this project has developed an intelligent detection unmanned ship with a
hybrid power system of wind and solar energy. The core innovation mainly lies in three aspects: 1. Energy system:
Using monocrystalline silicon solar panels (with a conversion efficiency of 22%) and vertical-axis wind turbines (with a
startup wind speed of ≤ 1.8m/s), through an MPPT intelligent controller to achieve coordinated management of wind
and solar energy, maintaining 80% rated power output even in cloudy or low-light conditions, which increases the
endurance by 50% compared to single solar energy drive; 2. Operation adaptability: Optimizing the streamlined hull
(with a resistance coefficient reduced by 15%) and double-layer waterproof structure (IP68 level sealing), adapting to
complex water flow environments in small waters such as lakes and rivers; 3. Task-oriented: Centered on water quality
monitoring, integrating multi-sensor collaborative sampling and real-time data transmission, achieving "energy
autonomy + monitoring autonomy" in a dual closed-loop control[11,12].

2 TOTAL DESIGN SCHEME

This project developed an unmanned ship based on Raspberry Pi, which is a multi-functional unmanned vessel. Various
sensors are utilized to obtain water quality information. The high-definition camera module onboard enables real-time
monitoring and acquisition of image data. It communicates with the end users through the lightweight MQTT
communication protocol for data exchange, and supports remote status inquiries. Additionally, in combination with the
accompanying traction device, the unmanned ship can be extended to scenarios such as maritime rescue, garbage
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cleaning, and the transportation of small supplies by water. Its working process is as follows: After the unmanned ship
enters the water area to be tested, it can start the water quality sensor for water quality detection. The test data obtained
is processed by Raspberry Pi, and the analysis results are sent to the cloud server through the MQTT protocol. The
server parses the results and then transmits them to the user terminal. Users can obtain real-time water quality data
through the mobile App at any time, thereby achieving the purpose of monitoring various parameters of water quality.
The workflow diagram is shown in Figure 1.

Figure 1Workflow of the Unmanned Ship

3 HARDWARE DESIGN OF UNMANNED VESSELS

The hardware of the unmanned ship developed in this project is controlled based on the Raspberry Pi development
board. It integrates a driving system, a camera module, and modules suitable for monitoring various water quality
parameters (such as temperature sensors, turbidity sensors, and pH value sensors, etc.). The hardware architecture
design is shown in Figure 2. Each module works collaboratively with the main control board through interfaces to
jointly support the monitoring and operation functions of the unmanned ship.

Figure 2 Hardware Architecture Design of Unmanned Ship

According to the overall structure design shown in Figure 3, the operation control process of the unmanned ship is as
follows: After the user issues an operation instruction through the mobile phone APP, the Raspberry Pi main control
board receives the instructions parsed by the MQTT protocol and immediately transmits control signals to the driving
system, causing the motor to operate and achieving the regulation of the navigation status. The Raspberry Pi main
control board establishes data interaction with various water quality sensors through expansion interfaces and collects
real-time data parameters such as turbidity and pH value. These detection data are preliminarily processed and uploaded
through the MQTT protocol, and after completing the analysis of the water quality status, they are pushed to the cloud
server, which then sends the data to the mobile phone APP. The camera module is responsible for capturing the images
of the water surface and its surroundings; the GPS module acquires the spatial coordinates of the unmanned ship in real
time, providing accurate location information for remote control, and at the same time, in conjunction with the camera
module, realizes the spatial positioning and image association of the operation scene.
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Figure 3 Overall Structure Design of the Unmanned Ship

3.1 GPS Positioning Module

This project uses the GPS module of the Yabo intelligent model ATGM336H-5N. The working process is as follows:
Connect the USB interface on the Raspberry Pi motherboard to the Micro interface of the GPS module. Its function is to
output navigation data and input interactive commands. The GPS module usually outputs second pulses and is
connected to an antenna, and the antenna is installed on the ship deck. According to Figure 3, the GPS module obtains
the position information of the unmanned ship, and the Raspberry Pi motherboard acquires the relevant data and
processes it. Then, it uploads it to the cloud server via the MQTT protocol. When receiving data, the cloud service
platform receives the relevant data and transmits it to the Raspberry Pi motherboard for data processing.

3.2 Data Transmission

The data transmission of this project is implemented using Python on the Raspberry Pi to connect with a regular MQTT
server, and it performs message publishing and subscription in dual threads. The unmanned ship uses the paho-mqtt
library in Python to complete the communication tasks under the MQTT protocol. MQTT is a lightweight messaging
protocol, suitable for situations with limited network bandwidth. By creating an MQTT client on the Raspberry Pi using
Python, message publishing and subscription can be achieved.
Based on the operational characteristics of unmanned vessels on open waters, their signal transmission is unobstructed
and has a wide coverage area. Their data transmission adopts a hierarchical network scheme: relying on mobile phone
5G/4G hotspots to establish the basic connection, which can support data interaction over medium to long distances on
the water surface; at the same time, the Wi-Fi module installed on the Raspberry Pi motherboard has 360°
omnidirectional coverage capability, which can provide unified network support for multiple unmanned vessels
conducting collaborative operations, improving the efficiency of cluster operations while expanding the monitoring
coverage area. Compared to the configuration of LTE modules, using Wi-Fi modules has three advantages: first, the
transmission bandwidth is larger, which can meet the real-time transmission of large-capacity data such as
high-definition images; second, the power consumption is lower, saving about 20% compared to LTE modules, which
helps to reduce the energy consumption of the entire vessel; third, the connection stability is stronger, reducing data
packet loss in complex water environment. When the navigation distance of the unmanned vessel exceeds the coverage
radius of Wi-Fi, the system automatically switches to the mobile data module to maintain remote communication,
ensuring stable data transmission for the unmanned vessel at longer distances or in complex water areas[13].

3.3 Dving System

This project adopts a drive system that uses two electric motors as the propulsion units to precisely control the ship's
navigation status. The specific connection method is as follows: Connect the brushless power regulator with a rated
current of 30A to the wires of the ROV brushless motor. The pin 12 on the main board is connected to the yellow signal
of the power regulator to control the working state of the brushless motor. Finally, the positive pole of the power supply
is connected to the red power line of the power regulator, and the negative pole of the power supply and the GND of the
main board, as well as the black power line of the power regulator, are connected to provide normal power supply for
the brushless motor (Figure 4 Connection diagram of the drive system).
After the control terminal sends the operation instructions, the Raspberry Pi motherboard acquires the relevant
information and outputs the PWM signal. By adjusting the PWM pulse width, it controls the motor driver, thereby
controlling the rotational speed of the brushless motor. This control system uses the rotational speed difference between
the two motors to form the steering torque to complete the course adjustment, ensuring the stability of the ship's
movement in complex waters.
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Figure 4 Connection Diagram of the Drive System

3.4 Camera Module

This project uses the camera module from Yabo Intelligent Company. The camera adopts a USB2.0 direct plug-in
interface. Connect the USB2.0 interface of the camera to the USB interface of the Raspberry Pi motherboard. Thus, the
camera connection is completed.

3.5 Ultrasonic Module

This project uses the HC-SR04 ultrasonic module. The VCC of the ultrasonic module is connected to the 5V pin of the
Raspberry Pi motherboard, and the Trig and Echo pins of the ultrasonic module are connected to the GPIO ports of the
Raspberry Pi. Finally, the GND of the ultrasonic module is connected to the GND of the Raspberry Pi motherboard.
This completes the circuit connection of the ultrasonic module. The HC-SR04 ultrasonic module uses IO triggering for
distance measurement. It sends a high-level signal of at least 10us. The module will automatically send 8 40kHz
ultrasonic wave pulses and simultaneously start the echo detection mechanism to determine the existence of the
reflected signal. When the Raspberry Pi motherboard receives the high-level echo signal from the ultrasonic module, the
duration of this high-level pulse corresponds to the round-trip propagation time of the ultrasonic wave from emission to
reflection and back to reception. Based on this, the actual distance between the unmanned ship and the target obstacle
can be calculated. (Figure 5 The working principle of the ultrasonic module).

Figure 5 The Working Principle of the Ultrasonic Module

3.6 Sensor Module

To achieve the detection function of the unmanned ship, this project integrates various types of sensors, including the
TS-30 turbidity sensor, pH sensor, 18B20 temperature sensor, and TDS sensor, etc. In practical applications, the test
sensors can be selected according to actual needs.To achieve the detection function of the unmanned ship, this project
integrates various types of sensors, including the TS-30 turbidity sensor, pH sensor, 18B20 temperature sensor, and TDS
sensor, etc. The specific process is as follows: Connect the signal pins of the test sensor to the ANALOG IN interface on
the Raspberry Pi motherboard, connect the positive power supply to the VCC interface on the main control board, and
connect the negative power supply to the GND interface. (Figure 6 Principle structure diagram of the TDS sensor).
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Figure 6 Principle Structure Diagram of the TDS Sensor

According to the actual testing requirements, the sensors can be connected to the Raspberry Pi motherboard. When the
sensors collect data and transmit it to the Raspberry Pi motherboard, the motherboard will process the data and send it
to the cloud server through the server. Then, users can directly obtain the relevant data information on their mobile
phones.

3.7 Power Drive Module

The wind power drive module mainly consists of wind turbines and solar photovoltaic panels. On unmanned ships,
waterproof solar photovoltaic panels and small wind turbines are installed. Based on efficient photovoltaic materials and
advanced aerodynamics principles, they can start and generate electricity under different light intensities and lower
wind speeds. They provide continuous renewable energy input for the power system of unmanned ships. Their surfaces
have been specially treated. The solar panels and wind turbines have excellent resistance to seawater corrosion and UV
aging, which is sufficient to adapt to harsh sea conditions. The pictures of the wind turbine and the solar panel are
shown in Figures 7 and 8.

Figure 7 Small Wind Turbine Generator Figure 8 Solar Photovoltaic Panel

3.8 Hull Design

To reduce the running resistance of the unmanned ship, the hull design of this project adopts a streamlined shape. In
terms of waterproofing, a double-layer waterproof design is used. A waterproof layer is placed inside the hull, and a
sealing layer for the cabin is added between the deck and the boat to prevent water from entering the hull. To enhance
the visibility of the unmanned ship during operation, the hull is coated in yellow, which makes it easy to quickly
determine the location where the unmanned ship is working. At the same time, it is driven by two high-speed motors
and two propellers, resulting in lower energy consumption during operation (Figure 9 shows the physical image of the
unmanned ship's hull).
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Figure 9 Physical Image of the Unmanned Ship's Hull

4 UNMANNED VESSEL CONTROL SOFTWARE

4.1 Terminal Program Design

This project uses the WxBit programming software to design the mobile control terminal App and the control interface.
This software can program the control interface according to the actual needs of users, and the program is simple to
write. The position detection function of the unmanned boat can obtain the specific position of the unmanned boat and
monitor the target environment by using the Baidu Map API. The control interface is shown in Figure 10.

Figure 10 Terminal Application of Unmanned Vessel

4.2 Terminal Control System Design

This project combines software and hardware to design the control system. It uses the user terminal to control the
unmanned boat and thereby achieve monitoring. The first step is to connect the Raspberry Pi motherboard to the
computer. The second step is that the program can write the software Visual Studio Code onto the motherboard and use
the mobile App to control the navigation direction of the unmanned boat. The interface of the APP can obtain detection
data through various sensors. The third step is to obtain the corresponding IP through the connection of the Raspberry Pi
motherboard, and the user logs into the local network IP on the web page to set the camera. The camera image is
displayed through the web page on the computer end. The position of the unmanned boat is obtained by using the GPS
positioning module on Baidu Map[14].

5 OPERATION AND DEBUGGING OF UNMANNED VESELS

5.1 Test Preparation

To ensure the safety, reliability and accuracy of the unmanned vessel in practical applications, tests are conducted
before its deployment in the actual environment, prior to the laboratory setting: the sealing performance of the hull is
tested to verify whether it has the ability to withstand underwater pressure and prevent water vapor penetration; at the
same time, the operation performance of the motor is comprehensively inspected to ensure that it can stably output
power in the water environment and drive the unmanned vessel to navigate efficiently; for the WiFi module, the
stability and smoothness of signal transmission are analyzed to ensure that the unmanned vessel can achieve real-time
and accurate data interaction in complex water environments; in addition, various sensor modules also need to undergo
strict tests, including attitude sensors, environmental sensors, etc., to test whether they can accurately perceive the
surrounding environmental information when working in the water environment, providing a reliable basis for the
intelligent decision-making of the unmanned vessel. The power supply voltage of each module is checked to ensure its
stability, whether there are errors in the data transmission process, and the accuracy of the sensor measurement results,
so as to comprehensively ensure the safety of the unmanned vessel in practical applications.

5.2 Actual Operation test

This project developed an unmanned ship that operates in an autonomous mode and has detailedly recorded its
navigation trajectory and yawing conditions. During the actual water area tests, the unmanned ship ran normally. The
hull has good sealing performance, ensuring that all modules in the cabin can operate normally. At the same time, the
Wi-Fi signal transmission was normal. Even in the sea area, its data could maintain stable transmission, and the terminal
equipment could receive various data in real time, ensuring the timeliness and accuracy of information interaction.
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Moreover, the unmanned ship has a large-capacity battery and a wind-solar hybrid power generation system, providing
energy for its long-term operation. The test results show that the endurance and stability of this unmanned ship are both
good.

5.3 Test Result

The unmanned vessel successfully followed the preset autonomous route, and the actual route was basically coincident
with the preset route. The maximum yaw angle was 2.5°, and the average yaw angle was 0.8°. The navigation time was
12 minutes, which was within the expected time range. The unmanned vessel demonstrated excellent stability and
accuracy in the autonomous navigation mode, and the yaw situation was within the acceptable range, verifying its
self-sufficient navigation capability.
During the autonomous navigation test of the unmanned ship, the ship demonstrated excellent navigation capabilities.
During the test, it was able to accurately follow the preset route and conduct fixed-point sampling without deviating
from the course or colliding with obstacles. Its autonomous obstacle avoidance system worked properly, responding
promptly when encountering potential obstacles and adjusting the navigation direction to ensure navigation safety. At
each sampling point, the speed was adjusted to ensure the accuracy of the samples. During the test, the unmanned ship
could maintain a stable navigation state and could promptly sense environmental changes and adjust its operating state.
In addition, the navigation efficiency of the unmanned ship also met the expected goals. During the test, it could
complete the tasks at a relatively fast speed while maintaining low energy consumption. The actual measurement and
navigation of the unmanned vessel are shown in Figure 11-12.

Figure 11Measured Data of the Unmanned Ship Figure 12 Navigation Map of the Unmanned Ship

6 CONCLUSION

This project develops an intelligent unmanned ship controlled by Raspberry Pi. It has diverse functions, including
autonomous navigation, data collection, and the ability to perform complex tasks such as underwater topography
mapping and water quality analysis. In terms of power supply, a power system combining wind turbines and solar
charging panels was developed. This design aims to utilize the complementarity of wind energy and solar energy to
create an efficient, environmentally friendly, and sustainable energy solution. By using a mixed power drive method of
wind and solar energy, the unmanned ship can achieve long voyages and ensure stable power supply, enabling it to
adapt more flexibly to various environmental conditions[15].
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Abstract: In the highly competitive ecosystem of online video platforms, metadata elements such as titles are critical
determinants of user engagement. This study uses computational communication methods to explore the interactive effects
of title sentiment intensity and title length on video view counts for automotive videos on the Bilibili platform. Through
hierarchical regression analysis on a large-scale dataset of 984 videos, and supported by non-parametric Generalized
Additive Models (GAM) and bootstrap analysis for robustness, this research reveals two key findings: First, there is a
significant inverted U-shaped relationship between title length and video views, meaning views increase with length up to
a peak at approximately 26-30 characters, and then decline. Second, title length plays a negative moderating role in the
relationship between sentiment intensity and views. This finding suggests that emotional language is more effective in
attracting user attention in short titles, but its appeal diminishes in longer, more information-dense titles, and may even
have a negative impact if perceived as "clickbait." These findings offer nuanced, data–driven strategies for content
creators and digital marketers for optimizing video metadata to maximize audience engagement on competitive digital
platforms.
Keywords: User engagement; Sentiment analysis; Video analytics; Title optimization; Moderation analysis;
Computational communication

1 INTRODUCTION

The proliferation of online video platforms has fundamentally reshaped the landscape of media consumption and
information dissemination. Platforms like YouTube, TikTok, and Bilibili have evolved into primary arenas where billions
of users seek entertainment, education, and product information [1]. For high-involvement consumer goods such as
automobiles, these platforms serve as a critical channel where potential buyers engage in extensive information-seeking,
watching reviews, comparisons, and test-drive experiences to inform their purchasing decisions [2]. In this densely
saturated media environment, the competition for user attention is ferocious. An estimated 500 hours of video are upload to
YouTube every minute, creating a situation where the supply of content vastly exceeds the audience's limited attentional
capacity [3].
This content overload places immense importance on the role of metadata—particularly video titles—in the initial, crucial
stage of content discovery. A video's title is often the first point of contact with a potential viewer, functioning as a
powerful signal that influences the decision to click and watch [4]. It must be compelling enough to stand out in a crowded
feed of recommendations and search results, effectively communicating the video's content and value proposition in a
fleeting moment. Consequently, understanding the specific characteristics of titles that drive viewership is a paramount
concern for content creators, digital marketers, and platform algorithm designers alike.
This study focuses on Bilibili, a uniquely influential platform in the Chinese digital ecosystem. Unlike its global
counterparts, Bilibili has cultivated a distinctive community culture centered around its predominantly Generation Z user
base, user-generated content from creators (known as "UPs"), and its signature "bullet comments" (danmu)—a real-time,
overlaying commentary system that fosters a strong sense of co-viewing and community participation [5]. This highly
engaged and interactive environment makes Bilibili an ideal laboratory for studying the dynamics of content engagement
[6].
Previous research has identified two primary title characteristics as key drivers of engagement: emotionality and length.
Studies in communication and marketing have consistently shown that content evoking strong emotions, whether positive
or negative, is more likely to be shared and consumed [7]. Simultaneously, the length of a headline or title has been shown
to influence readability and cognitive load, with a general consensus that an optimal length exists, avoiding the pitfalls of
being either un-informatively brief or overwhelmingly verbose [8].
However, a significant gap persists in the literature. Most studies have examined these factors in isolation, neglecting their
potential interactive effects. It is plausible that the effectiveness of an emotional cue is not uniform but is contingent on the
overall structure of the title, such as its length. For instance, is a strong emotional appeal equally effective in a concise, 15–



The interactive effects of title sentiment and length on video dissemination...

Volume 7, Issue 6, Pp 30-40, 2025

31

character title as it is in a descriptive, 40–character one? Furthermore, many studies assume a linear relationship, whereas
the true effect could be curvilinear, featuring points of diminishing returns.
This research addresses this gap by investigating the individual, non–linear, and interactive effects of title sentiment
intensity and title length on the view count of automotive videos on Bilibili. The automotive sector has chosen for its status
as a high–involvement category where viewers are motivated information seekers, making title accuracy and appeal
particularly salient [9]. By employing a computational approach on a large–scale dataset, this study seeks to answer the
following research questions:
(1) What is the nature of the relationship between video title length and view count? Is it linear or curvilinear?
(2) What is the relationship between the emotional intensity of a video title and its view count?
(3) Does title length moderate the relationship between sentiment intensity and view count?
By answering these questions, this paper aims to provide a more nuanced and holistic understanding of video title
optimization. The findings will contribute to communication theory by elucidating the complex interplay of informational
and emotional cues in digital media, while also offering practical, data–driven guidelines for stakeholders in the digital
content ecosystem.

2 LITERATURE REVIEW AND HYPOTHESES DEVELOPMENT

2.1 Video Titles as Information Scent

In the vast information landscape of the internet, users behave like foragers, seeking valuable content while trying to
minimize effort. Information Foraging Theory (IFT) posits that users decide which content to pursue based on
"information scent"—cues in their environment that signal the potential value and cost of accessing a piece of information
[10]. In the context of video platforms, a video's title, along with its thumbnail, constitutes the primary information scent.
A strong scent convinces the user that clicking the video will lead to relevant, useful, or entertaining content that satisfies
their current information need [11].
The quality of this scent has determined by the characteristics of the title. Two fundamental components contribute to this
quality: the informational content and the affective (emotional) content. The length of the title has directly related to the
amount of information it can convey. A very short title may provide insufficient scent, leaving the user uncertain about the
video's content. Conversely, a very long title might create an overwhelming scent, increasing cognitive load and making it
difficult for the user to parse its relevance quickly [12]. This suggests that the relationship between the informational value
of a title and its length is not linear. There likely exists a "sweet spot" where the title is descriptive enough to provide a
strong scent without inducing cognitive friction [13]. This leads to the hypothesis of a non-linear, inverted U-shaped
relationship between title length and user engagement.
H1a: There is a positive linear relationship between video title length and view count.
H1b: There is a negative quadratic relationship between video title length and view count, suggesting an inverted U-shaped
curve where view count increases with length up to an optimal point and then decreases.

2.2 The Role of Emotionality in Driving Engagement

The second critical component of information scent is its affective quality. Decades of research in psychology and
communication have established that emotion is a powerful driver of attention, memory, and behavior [14]. Content that
elicits an emotional response is more likely to been noticed, processed, and shared. This phenomenon is explained by
theories such as the Elaboration Likelihood Model (ELM), which suggests that cues evoking emotion can act as powerful
peripheral signals that influence attitudes and behaviors, especially when viewers are not deeply engaged in systematic
processing (e.g., when scrolling through a feed) [15].
Berger & Milkman (2012) found that The New York Times articles that evoked high-arousal emotions (like awe, anger, or
anxiety) were more likely to become viral [16]. Similarly, studies of social media posts have found that both positive and
negative sentiment can increase engagement, often mediated by the level of emotional arousal [17].
The intensity of the emotion, rather than just its positive or negative valence, appears to be a key mechanism. A title with
high emotional intensity—whether strongly positive (e.g., "The Most INCREDIBLE Car I've Ever Driven!") or strongly
negative (e.g., "Why This Car is a COMPLETE Disaster!")—creates a stronger affective scent, promising a more engaging
or dramatic viewing experience compared to a neutral, purely factual title (e.g., "A Review of the 2024 Model X") [18].
The distribution of sentiment scores in the dataset, which peaks at moderate levels but also shows a wide spread, suggests
that creators are experimenting with varying levels of emotionality. The bivariate analysis indicates a complex, U- shaped
relationship, where both very low (neutral) and very high-intensity titles perform better than moderately emotional ones.
This suggested that being emotionally unambiguous, either by being purely factual or highly emotional, is a superior
strategy [19].
H2: Higher emotional intensity in a video title is associated with a higher view count.

2.3 The Interaction of Length and Sentiment: A Moderation Hypothesis

The central argument of this paper is that the effects of title length and sentiment intensity are not independent. We
propose that title length moderates the effect of sentiment on viewership. This hypothesis is grounded in the principles of
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cognitive load and signal clarity. The cognitive resources a user is willing to expend on evaluating a single video title are
extremely limited. The processing of emotional cues must therefore be efficient [20].
When a title is short, it has low cognitive load. In this context, an emotional word or phrase acts as a very clear and potent
signal. It is the dominant component of the information scent and can effectively capture attention. For example, in a short
title like "Mind-Blowing Speed!", the emotional component is unambiguous and powerful.
However, as a title gets longer, its informational density increases. It contains more descriptive keywords, technical
specifications, or contextual phrases. This increased length demands more cognitive effort from the user to read and
comprehend. In this high-load context, the role of the emotional cue changes. A strong emotional term embedded in a long,
descriptive title may be perceived differently. It could be seen as incongruous with the factual tone, potentially reducing
the title's credibility and making it appear as "clickbait" [21]. Alternatively, the emotional signal might simply get lost
amidst the other informational cues, its potency diluted. The user, already expending effort to process the title's length,
may be less receptive to a strong emotional appeal. This suggests that the positive effect of sentiment intensity should
weaken as title length increases, and may even become negative for very long titles [22].
This proposed mechanism is visually suggested in the binned heat-map in the present paper, which displays the actual
mean view counts for different combinations of title length and sentiment score bins. For instance, within the longest title
length bin (31-36), the view count does not consistently increase with sentiment, showing a much more erratic pattern
compared to shorter length bins. This provides preliminary evidence for an interaction [23].
H3: Video title length negatively moderates the relationship between sentiment intensity and view count. Specifically, the
positive effect of sentiment intensity on view count will be stronger for shorter titles and weaker (or even negative) for
longer titles.

3 METHODOLOGY​

3.1 Data Collection and Sampling

The dataset for this study was compiled from Bilibili (bilibili.com), a prominent video-sharing platform in China known
for its extensive user-generated content and highly engaged community. Data collection was performed using a custom
Python-based web scraping script.
The collection period spanned from July 2019 to December 31, 2024, to capture a wide range of videos over time.
The sampling process focused on videos within the automotive content category, which includes a variety of sub-topics
such as vehicle reviews, test drives, model comparisons, and brand events. To ensure the sample's diversity and
representativeness, videos were collected from creators of varying scales and audience levels, rather than focusing solely
on top-tier influencers. This approach enhances the generalizability of the findings across the broader automotive content
ecosystem on the platform.
An initial raw dataset was subjected to a data cleaning process. Videos were excluded if they met any of the following
criteria: poor image quality, absence of key information (e.g., identifiable persons or vehicles), or asynchronous audio and
video. After this filtering process, a final sample of N=984 videos was retained for analysis. For each video in the final
dataset, key metadata were extracted, including the video title, view count, and publication date.

3.2 Measurement of Variables

3.2.1 Dependent variable: view count
The primary dependent variable, representing the reach and popularity of a video, is its total view count. As is common
with online media engagement data, the raw distribution of view counts was highly right-skewed, as illustrated in Figure
1A.The mean view count (813,272) was significantly larger than the median (563,728), indicating the presence of high-
performance outliers that violate the assumptions of ordinary least squares (OLS) regression. To normalize the distribution
and stabilize the variance, a natural logarithmic transformation was applied (Log_View_Count = ln (View_Count)). The
resulting transformed variable, shown in Figure 1B, closely approximates a normal distribution, making it suitable for
parametric statistical analysis.

Figure 1 Distribution of View Count
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3.2.2 Independent variables: title length and sentiment intensity
Title Length: This variable was measured as the total number of characters in the video's title. The distribution of title
lengths, shown in Figure 2, ranged from 3 to 49 characters, with a mean of 17.94 and a median of 17.00.
Sentiment Intensity Score: The emotional intensity of each title was quantified using a sophisticated two-step process.
First, a pre-trained BERT (Bidirectional Encoder Representations from Transformers) multilingual sentiment classification
model was employed. This model trained on a five-star rating system, is adept at capturing both the polarity
(positive/negative) and magnitude of sentiment in text. For each title, the model calculated a raw sentiment score (Sraw) by
computing a weighted probability average, which was then standardized to a [0, 1] interval. On this scale, 0 represents the
most negative sentiment, 1 represents the most positive, and values around 0.5 are neutral.
Second, recognizing that user engagement is often driven by the magnitude of emotion rather than its direction, the raw
score was converted into an intensityscore (Sintensity). This was achieved using the formula: Sintensity=2* |Sraw-0.5|.
This transformation maps titles with sentiment scores near the neutral midpoint (0.5) to intensity scores near 0, and titles
with scores near the extremes (0 or 1) to intensity scores near 1. The final sentiment intensity score, therefore, ranges from
0 (completely neutral) to 1 (maximum emotional intensity). The distribution of this final score is presented in Figure 3.

Figure 2 Distribution of Title Length

Figure 3 Distribution of Sentiment Intensity Score

3.2.3 Control variable
To account for potential temporal effects, such as platform algorithm changes or shifts in user behavior over the long data
collection period, a control variable for publication date was included. Videos were categorized into two groups: those
published before July 2023 ("older") and those published on or after July 2023 ("newer").

3.3 Analytical Strategy

The data analysis was conducted in three main stages. First, descriptive statistics and visualizations were used to
characterize the distributions of all key variables and to conduct a preliminary exploration of the bivariate relationships.
This included plotting the distribution of view counts before and after log transformation (Figure 1), the distributions of
title length (Figure 2) and sentiment intensity (Figure 3), and creating binned plots to visualize the mean view counts
across different strata of sentiment intensity (see Figure 4) and title length (see Figure 5).
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Figure 4 View Count Analysis by Binned Sentiment Intensity

Figure 5 View Count Analysis by Binned Title Length

Second, to formally test the hypotheses, a hierarchical OLS regression analysis was performed on the log–transformed
view count. This approach allows for a systematic assessment of the explanatory power added by each set of variables.
Four nested models were specified:
Model A: Included only the sentiment variable (Log_View_Count ~ Sentiment +Sentiment_sq).
Model B: Included only the length variables (Log_View_Count ~ Length + Length_sq).
Model C (Main Effects Model): Included all main effect terms (Log_View_Count ~ Sentiment + Sentiment_sq + Length

+ Length_sq).
Model D (Interaction Model): Included all main effects plus the interaction term to test the moderation hypothesis

(Log_View_Count ~ Sentiment + Sentiment_sq + Length + Length_sq + Sentiment * Length).
The quadratic terms (Sentiment_sq and Length_sq) were included to model the hypothesized non–linear relationships.
Model fit was compared across the hierarchy using the Adjusted R² statistic.
Third, to ensure the robustness and validity of the findings from the primary regression analysis, two additional analyses
were conducted. A non–parametric Generalized Additive Model (GAM) was fitted to visualize the interaction surface
without the constraints of a pre–specified functional form. Furthermore, a bootstrap analysis (500 resamples) was
performed on the interaction coefficient from Model D to assess its stability and to compute a robust 95% confidence
interval.

4 RESULTS

4.1 Descriptive Statistics

The final dataset comprised 984 videos. The primary dependent variable, view count, exhibited a wide range, with a mean
of 813,272 and a standard deviation of 798,253. As shown in Figure 1, the log–transformed view count was normally
distributed with a mean of 13.31 and a standard deviation of 0.747. The independent variables also showed considerable
variation. The title sentiment intensity score had a mean of 0.404 (SD = 0.228). The title length ranged from 3 to 49
characters, with a mean of 17.94 (SD = 7.18). The distributions of sentiment and length are visualized in Figure 2 and
Figure 3, respectively.

4.2 Bivariate Analysis

Preliminary analysis of the relationships between the independent variables and view count was conducted by grouping the
data into bins. Figure 4 shows the average view count across five sentiment intensity bins. A U–shaped or J–shaped pattern
is observable. The lowest average view count was found in the medium sentiment bin (0.4–0.6), while the highest average
was in the very high sentiment bin (0.8–1.0), which had a mean view count of 1,120,408. This suggests that both
emotionally neutral and highly charged titles outperform moderately emotional ones.
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Figure 5 displays the average view count across ten title length bins, revealing a clear inverted U–shaped relationship.
Viewership increases with title length, peaks in the 26–30 character bin with a mean of 1,010,851 views, and then declines
steadily for longer titles. The lowest performance was observed in the 41–45 character bin. This provides strong initial
support for H1b, positing a curvilinear effect of title length.

4.3 Hierarchical Regression Analysis

To formally test the hypotheses, a hierarchical OLS regression was performed. The progression of model fit is visualized
in Figure 6A. Model A (sentiment only) explained very little variance (Adj. R²=0.0030). Model B (length only) provided a
substantial improvement (Adj. R²=0.0164). The main effects model (Model C) offered a slight improvement over Model B
(Adj. R²=0.0181). The final interaction model (Model D) yielded the best fit, with an Adjusted R² of 0.0220. The
statistically significant increase in explanatory power from Model C to Model D underscores the importance of the
interaction term.
The detailed results for the final model (Model D) are visualized in the coefficient plot in Figure 6B. The key findings are
as follows:
(1) Title Length: The linear term for ‘Length’ was positive and highly significant (β=0.0660, p<0.001), while the quadratic
term ‘Length_sq’ was negative and highly significant (β=-0.0012, p<0.001). This pair of coefficients provides strong
statistical confirmation for the inverted U-shaped relationship hypothesized in H1b.
(2) Sentiment Intensity: In the final model, the main effects for ‘Sentiment’ (β=0.2499, p=0.524) and ‘Sentiment_sq’ (β=
0.5976, p=0.169) were not statistically significant. This suggests that, after accounting for title length and the interaction
effect, sentiment does not have a simple, direct impact on view count, lending indirect support to the moderation
hypothesis.
(3) Interaction Effect: Crucially, the interaction term ‘Sentiment_Length’ was negative and statistically significant (β =-
0.0325, p=0.027). This result supports H3, indicating that title length negatively moderates the effect of sentiment intensity
on log-transformed view count.

Figure 6 View Count Analysis by Binned Title Length

4.4 Visualization of the Interaction Effect

The nature of the significant interaction effect is detailed in the visualizations presented in Figure 7. The Conditional
Effects Plot (Panel B) is key to interpretation. It displays the predicted relationship between sentiment score and view
count at three different levels of title length (short, medium, and long). For short titles (e.g., ~10.8 characters), the slope is
positive and steep, indicating that higher sentiment strongly predicts higher viewership. For medium-length titles (e.g.,
~18.0 characters), the positive slope is weaker. For long titles (e.g., ~26.8 characters), the slope becomes slightly negative.
This plot vividly illustrates the moderating role of title length. The Interaction Heatmap (Panel C) visualizes the model's
predictions across the entire continuous range of both variables, confirming the interaction.

Figure 7 Interaction Visualizations
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5 ROBUSTNESS CHECKS

To ensure the reliability of the regression results, two additional analyses conducted. Further diagnostic plots for the
sentiment variable and model residuals are provide in Figure 8, showing acceptable patterns for the regression assumptions.
The 2D density analyses in Figure 9(Hexbin Plot) and Figure 10(Binned Heatmap) provide a non–parametric view of the
data, revealing the actual concentrations of high–viewership videos and supporting the patterns identified by the regression
model.

Figure 8 Diagnostic Plots for Sentiment Variable 2D Density Analysis

Figure 9 2D Density Analysis (Hexbin Plot)
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Figure 10 Binned Coupling Analysis (2D Binned Heatmap)

5.1 Non-Parametric Validation with Generalized Additive Model (GAM)

The OLS regression model assumes a specific functional form. To relax this assumption, a Generalized Additive Model
(GAM) was fitted. Figure 11 presents the interaction surface plot from the GAM analysis. The GAM plot reveals a
complex interaction surface that, while more flexible, corroborates the primary finding from the regression model. It shows
that the effect of sentiment on viewership is not uniform across all title lengths. The general pattern observed in the GAM
surface is consistent with the interaction found in Model D, lending non–parametric support to our conclusions.

Figure 11 GAM Interaction Surface

5.2 Bootstrap Analysis of the Interaction Coefficient

To assess the stability of the estimated interaction coefficient, a bootstrap analysis was performed (500 resamples). Figure
12 displays the bootstrap distribution of the Sentiment*Length, interaction coefficient. The distribution is approximately
normal. Most importantly, the 95% confidence interval derived from the bootstrap distribution is [–0.064, –0.003]. As this
interval does not contain zero, we can confidently conclude that the negative interaction effect is statistically significant
and robust. This analysis strongly reinforces the central finding of the study.

Figure 12 Bootstrap Distribution of the Interaction Coefficient
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6 DISSCUSSION

6.1 Summary of Key Findings

This study set out to dissect the complex, interactive relationship between video title sentiment and length in predicting
viewership on the Bilibili platform. The results from our hierarchical regression, supported by robust visualization and
validation techniques, offer a nuanced perspective that advances both communication theory and practical content strategy.
The investigation yielded two primary findings. First, we confirmed a significant inverted U – shaped relationship between
title length and view count. Viewership tends to increase as titles become more descriptive, but only up to an optimal point
of approximately 26–30 characters, after which performance declines. This suggests a trade–off between providing
sufficient information scent and imposing excessive cognitive load.
The second and more novel finding is the significant moderating role of title length on the effect of sentiment intensity.
Our analysis revealed a negative interaction, meaning the positive impact of a strong emotional hook on attracting viewers
is most potent in shorter titles. As titles grow longer and more informationally dense, the effectiveness of this emotional
appeal diminishes and can even become detrimental. This interaction is the core contribution of our paper, highlighting that
the "rules" for using emotional language in titles are not universal but are conditional on other structural characteristics of
the title.

6.2 Theoretical Implications

These findings have important implications for communication theories applied to digital media. They enrich Information
Foraging Theory (IFT) by demonstrating that "information scent" is not a simple sum of its parts. Rather, different cues
within the scent—in this case, informational cues (length) and affective cues (sentiment)—interact with each other. A
strong affective cue can enhance a weak informational signal (a short title) but may conflict with or be diluted by a strong
informational signal (a long title). This suggests that the cognitive calculus users perform when evaluating content is
interactive and context–dependent.
The results also resonate with the Elaboration Likelihood Model (ELM). The interaction can be interpreted through the
lens of central versus peripheral processing. A short, emotional title may function primarily as a peripheral cue, quickly
capturing attention and prompting a click with minimal cognitive effort. A long, descriptive title invites more central,
systematic processing, where the user evaluates its informational relevance. In this mode, a strong emotional plea might be
perceived as a persuasive tactic rather than a genuine signal of content quality, leading to skepticism or dismissal. Our
study suggests that the effectiveness of a peripheral cue (emotion) is attenuated when the message format encourages more
central processing (length).

6.3 Practical Implications

The conclusions of this research offer direct, actionable insights for a range of stakeholders in the online video ecosystem:
(1) For Content Creators and Digital Marketers: The findings provide a data–driven guide for title optimization. The
simple advice to "be more emotional" is insufficient. Instead, a more nuanced strategy is required:
1. Optimal Length: Aim for titles in the 26–30 character range, as this appears to be the "sweet spot" for maximizing
average views in the automotive category.
2. Conditional Emotionality: If a short, punchy title is desired, incorporating strong emotional language is an effective
strategy to make it stand out. If a longer, more descriptive title is necessary to convey complex information, it may be
wiser to adopt a more neutral, factual tone to maintain credibility and clarity.
3. Avoid Extremes: Very long titles (>40 characters) consistently underperform and should generally be avoided.
(2) For Platform Algorithm Designers: Recommendation and search algorithms could be refined to account for these
interaction effects. Instead of simply up–ranking content with high–sentiment titles, algorithms could learn to weigh
sentiment differently based on title length and other features. Recognizing that the "ideal" title is contextual could lead to
more accurate predictions of user engagement and better content recommendations.

6.4 Limitations and Future Research

While this study provides valuable insights, several limitations must be acknowledged. First, the data is correlational, and
therefore we cannot make definitive causal claims. While we have identified strong associations, experimental studies (e.g.,
A/B testing different title versions for the same video) would be necessary to establish causality.
Second, our findings are specific to one content genre (automotive) on a single platform (Bilibili). The optimal title length
and the nature of the sentiment-length interaction may differ across other content categories (e.g., entertainment, education)
and other platforms with different user demographics and interface designs. Future research should seek to replicate these
findings in different contexts to assess their generalizability.
Third, this study focused exclusively on the title. A video's success is determined by a multitude of factors, including the
thumbnail image, video tags, creator reputation, and the actual quality of the content. Future studies should aim to
incorporate these variables into more comprehensive predictive models. For instance, analyzing the congruence between
the emotion conveyed in the title and the emotion conveyed in the thumbnail could yield further insights.
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Finally, while we controlled for the publication period, the exact time node for collecting view count data was not specified
in the original dataset description. Future work should standardize this metric (e.g., view count at 7 days or 30 days post-
publication) to ensure perfect comparability across all videos.

7 CONCLUSION

In the relentless battle for audience attention on digital platforms, a video's title serves as its essential opening gambit. This
study demonstrates that crafting the perfect title is an exercise in managing a delicate balance between informational clarity
and emotional appeal. Our analysis of 968 automotive videos from Bilibili reveals a distinct inverted U-shaped relationship
between title length and viewership, pinpointing an optimal range of 26-30 characters that yielded the highest average of
over 1 million views. Crucially, we moved beyond simple main effects to uncover a significant negative interaction (\beta
= -0.0325) between title length and sentiment intensity. This finding indicates that the effectiveness of an emotional appeal
is not universal. High emotional intensity, while capable of generating the highest average viewership (over 1.1 million
views in the highest sentiment category), is most beneficial in shorter titles. As titles become longer and more descriptive,
the positive impact of sentiment diminishes and can even become detrimental, a pattern confirmed by our conditional
effects analysis. This research, validated through non-parametric models and bootstrap analysis, provides a robust,
empirical foundation for understanding the complex dynamics of user engagement with video metadata. It moves the
conversation from what works (e.g., emotion, length) to when and how these elements work together, offering a more
sophisticated framework for content optimization in the digital age.
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Abstract: In multi-hop question answering (MHQA) tasks, existing methods typically integrate multiple reasoning
paths from knowledge graphs (KGs) and chains of thought (CoTs). Early KG-enhanced methods primarily focus on
obtaining relevant knowledge but fail to consider the multi-dimensional quality of reasoning paths. Subsequent works
filter paths but treat all retained paths as equally important without further differentiation. Although some recent works
attempt to rank paths by quality, they only provide a relative order without quantifying the actual quality differences
between paths. To address these limitations, we propose a Multi-dimensional Quality-aware Path Fusion (MQPF)
framework. MQPF introduces a multi-dimensional evaluation mechanism that quantifies path quality from semantic,
structural, and outcome-based dimensions. Based on the overall scores, MQPF first filters out low-quality paths to
reduce noise and then assigns adaptive weights to the remaining paths according to their scores. This method effectively
removes unreliable information and enhances the utilization of trustworthy information during reasoning. Experiments
show that MQPF performs comparably to baselines on multiple datasets. Moreover, as a model-agnostic module, it can
be used as a plug-and-play module to enhance the performance of existing multi-path reasoning methods.
Keywords: Question answering; Large language model; Knowledge graph

1 INTRODUCTION

Effective multi-hop question answering (MHQA) requires combining different reasoning paths to produce accurate
answers [1-3]. This involves two key components: knowledge graph (KG) subgraphs that provide structured knowledge
and chains of thought (CoTs) that support step-by-step logical reasoning. By integrating both types of reasoning paths,
MHQA systems can achieve broader coverage of relevant information while maintaining robust reasoning capabilities
[4,5].
Early KG-enhanced large language model (LLM) reasoning methods construct reasoning paths by retrieving or
traversing KGs to improve reasoning accuracy and interpretability [3,6-8]. However, these methods only focus on
obtaining relevant knowledge, overlooking the importance of evaluating the quality of reasoning paths across multiple
dimensions. As a result, low-quality paths that appear highly relevant may introduce noise and biases into the
subsequent reasoning steps. Subsequent works try to filter paths by majority voting or top-n sampling [9-12]. However,
when generating final answers, they treat all retained paths as equally important, overlooking the quality differences
between them. This equal treatment makes it hard for the LLM to effectively leverage the most critical information,
especially when paths contain different answers. Some later works attempt to rank retained paths by quality [13-16], but
they only establish a relative ordering. These methods cannot quantify the actual quality differences between paths,
lacking a mechanism to reflect how much better one path is than another. As a result, two key challenges remain: (1)
how to measure multiple quality aspects of reasoning paths, and (2) how to combine these evaluations to best guide path
integration and final answer generation.
To address these challenges, we propose a Multi-dimensional Quality-aware Path Fusion (MQPF) framework. Our
method begins with a multi-dimensional evaluation framework with three dimensions: Semantic Quality (S LLM): A
powerful LLM is prompted as a reasoning quality evaluator to score paths based on logical coherence and factual
correctness; Structural Quality (SS truct): Evaluates the structural effectiveness of paths using subgraph density (for KG
paths), reasoning path length (for CoT paths), and question-path relevance; Result Quality (SRM): A reward model
fine-tuned on human preferences evaluates the reliability of answers from each path. Each path receives a composite
score based on these three dimensions. Based on this score, MQPF first filters out low-quality paths by applying a
threshold. Next, it assigns adaptive weights to valid paths, making higher-quality paths have greater influence for
answer generation. Finally, it makes the LLM prioritize high-weight paths by promoting. This integrated method
provides multi-dimensional quality evaluation for hybrid reasoning paths and employs a quality-adaptive fusion strategy
that translates the scores into influence weights during answer generation. In summary, our contributions are:
 We propose a comprehensive multi-dimensional quality evaluation framework for evaluating KG subgraphs and

CoT reasoning paths in MHQA.
 We introduce a quality-driven fusion mechanism that assigns weights based on path quality to guide path fusion

and answer generation.
 Method Experiments show that our method outperforms all baselines and can serve as a plug-and-play module to

enhance existing multi-path reasoning methods.
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2 RELATED WORKS

Early methods that enhance LLM reasoning with knowledge graphs (KGs) typically retrieve or traverse KGs to obtain
reasoning paths or subgraphs. RoG proposes a planning-search-reasoning framework that retrieves paths from KGs to
guide LLM reasoning[3]. GNN-RAG retrieves candidate answers from KG subgraphs and extracts the shortest paths
between question entities and answer candidates as reasoning paths[6]. SubgraphRAG retrieves relevant triples as
subgraphs to generate accurate and interpretable answers[7]. GraphReader uses an LLM to explore the KG and
dynamically updates a notebook to record relevant information[8]. However, these methods only focus on retrieving
relevant knowledge like reasoning paths and KG subgraphs without considering their quality across multiple
dimensions. As a result, low-quality paths that appear highly relevant may lead to wrong final answers.
Subsequent works try to filter paths by majority voting or top-n sampling. Self-consistency CoT first generates multiple
reasoning paths and answers and then selects the most consistent one via majority voting[9]. RoK uses CoT to expand
the query and find more related entities[10]. It then builds a subgraph of the KG by matching paths between these
entities and finally filters the top-n reasoning paths from this subgraph. Forest-of-Thought maintains multiple reasoning
trees for parallel reasoning and applies consensus voting to determine the final answer[11]. ARG-KBQA performs
multi-hop beam search over the KGs and converts the top-n reasoning paths into logical forms to enhance LLM
reasoning[12]. However, these methods treat all retained paths as equally important during answer generation without
further differentiation. This uniform treatment makes it difficult for the LLM to effectively leverage the most reliable
information.
Some later works attempt to rank the retained paths by quality. AdaPCR uses a dense retriever to fetch candidate
passages and performs context-aware reranking by concatenating each passage with the question to form a new
query[13]. PromptRank uses an LLM to compute the generation probability of a question given a path as a relevance
score, which is then used to rank the paths[14]. RAGtifier employs a Pinecone retriever and a BGE reranker to improve
retrieval quality[15]. AttnRank finds that LLMs pay more attention to the documents at the beginning and the end[16],
so it places the most relevant documents in these high-attention positions. While these methods order paths by
relevance, they do not quantify the actual quality differences between paths, making it difficult to assess how much
better one path is compared to another.

3 METHOD

To address the issue that multi-path information is not well utilized in multi-hop QA tasks, we propose a
multi-dimensional quality assessment framework and a path filtering and weighted fusion mechanism. Specifically, we
first generate multiple reasoning paths based on the question (including structured KG paths and textual CoTs), and
then evaluate these paths from semantic, structural, and outcome-based dimensions. Based on the overall score of the
path, we filter out low-quality paths and assign weights to the remaining valid paths to guide the LLM in generating the
final answer. The overall framework is shown in Figure 1.

3.1 Multi-Dimensional Quality Assessment Framework

To effectively capture the quality differences among various reasoning paths, we propose a multi-dimensional quality
assessment framework that quantifies the quality of reasoning paths from three perspectives: semantic, structural, and
outcome-based dimensions. The goal of this framework is to assess the overall quality of each reasoning path and assign
it an overall score. These scores are then used in the next step to weight and merge the reasoning paths.
3.1.1 Semantic quality
Semantic quality assessment measures whether a reasoning path is logically consistent and factually accurate. We use
GPT-4, a large language model with strong reasoning and prompting capabilities, to evaluate each reasoning path
through structured prompts. The prompt template is shown in Figure 2.
To improve scoring consistency, we evaluate each reasoning path three separate times and take the average as the
semantic quality score (SLLM). The result is considered valid only when the standard deviation of the three scores is
below 0.5.

Figure 1 The Overview of MQPF. (a) Multi-dimensional Quality Assessment Framework quantifies the quality of
reasoning paths from semantic, structural, and outcome-based dimensions. (b) Multi-path Filtering and Weighted
Fusion Mechanism contains 3 parts:① Path Filtering,②Weight Assignment, and③ Final Answer Generation.
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Figure 2 Prompt Template for Semantic Quality Assessment

3.1.2 Structural quality
Structural quality assessment focuses on evaluating the effectiveness of a reasoning path’s structure. Paths that are more
compact and contain higher information density receive higher scores. Considering the structural differences among
path types, we designed separate evaluation strategies for structured paths (KG subgraphs) and textual paths (CoTs).
Structured Paths The structural quality of this type of path consists of two components: (1) Graph Density, which
measures the connectivity and informational richness between nodes to avoid isolated or sparse paths; (2) Semantic
Relevance between the path and the question, where higher relevance leads to a higher score. For the former, we use the
number of relations and entities in the structured path to calculate it; for the latter, we convert the structured path into a
sequence of triples and encode it into vectors. We then measure its relevance to the question embedding by calculating
the cosine similarity between them. For a structured path pi(r, e) and question Q, the structural quality score Sstruct is:

������� = ���(�)
���(�)

∙ �����������(�, ��) (1)
where r are the relationship edges and e are the entity nodes in the path. The correlation function calculates the
relevance between question Q and reasoning path pi with cosine similarity.
Textual Paths The scoring criteria for this type of path include length and relevance to the question. Although
techniques like CoT improve the interpretability and correctness of the reasoning process, they often lead LLMs to
produce unnecessarily long and redundant steps [17,18]. Therefore, we link the structural score of textual paths to their
length. Paths that are more concise and information-dense receive higher scores. For a textual reasoning path pi, the
structural quality score is:

������� = �−�⋅���(��) ∙ �����������(�, ��) (2)
where η is a hyperparameter that controls how quickly the score decreases as the path gets longer. The correlation
function measures the relevance between question Q and reasoning path pi with cosine similarity.
3.1.3 Outcome-based quality
Outcome-based quality evaluates whether the final answer from a reasoning path aligns with human preferences and
factual standards. We use an outcome reward model (ORM) named SkyworkRM-Llama3.1-8B, which has been
fine-tuned on human preference data, to assess each reasoning path. Since this reward model can only evaluate textual
inputs, we first convert structured paths into a textual sequence of connected triplets. The textual path is then fed into
the ORM to obtain an outcome-based quality score SRM.
3.1.4 Overall score
The overall score Si for each reasoning path pi is computed by a weighted combination of scores from semantic (SLLM),
structural (Sstruct), and outcome-based dimensions (SRM).

��​ = � ∙ ���� + � ∙ ������� + � ∙ ��� (3)
where α, β, and γ are the weight coefficients assigned to the semantic, structural, and outcome-based dimensions. They
are used to keep each type of score within the same range, so the scores from each dimension can be considered equally
and comprehensively when calculating the overall score. This overall score reflects the comprehensive quality of the
path across multiple aspects and serves as the basis for weighted integration in the subsequent path fusion stage.

3.2 Multi-path Filtering and Weighted Fusion Mechanism

After obtaining overall scores for multiple reasoning paths, we propose a score-based multi-path filtering and weighted
fusion mechanism to enhance the accuracy of the final answer. This mechanism consists of three parts: path filtering,
weight assignment, and final answer generation. It is designed to select high-quality reasoning paths, dynamically
assign fusion weights based on their scores, and ultimately guide LLMs to generate the final answer through prompts.
3.2.1 Path filtering
To reduce the influence of redundant and erroneous information in the subsequent fusion stage, we apply a
threshold-based filtering strategy to remove low-quality reasoning paths. Specifically, a threshold θ is set, and all paths
satisfying S ≥ θ are retained to form a valid path set pvalid.

������ = ��|�� ≥ � (4)
The set of valid paths pvalidwill then be assigned weights based on their scores in the next step.
3.2.2 Weight assignment
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To better distinguish the quality differences among paths in the valid set pvalid, we assign each path a weight based on its
score Si. Paths with higher scores receive correspondingly greater weights, and larger score gaps result in more distinct
differences in weight allocation. Specifically, we use a Softmax function with a temperature parameter T to compute the
weights. For a path pi in pvalid, its weight wi is:

�� = �
��
�

��∈������∙�
��
�

(5)

where the temperature parameter T is used to control the concentration of the weight distribution, making the weighting
more sensitive to variations in the scores. The weights wi will be used in the subsequent fusion of reasoning paths and
final answer generation.
3.2.3 Final answer generation
To effectively incorporate the weighted multi-path information into the LLMs for generating the final answer, we
design a prompt template. This template explicitly indicates each reasoning path along with its assigned weight, making
the LLMs prioritize information from higher-weighted paths. The detailed prompt template is shown in Figure 3. By
explicitly embedding the paths and their weights into the input context, the template makes the LLMs recognize quality
differences among reasoning paths to achieve weight-based integration and reasoning. This method enhances the
accuracy and reliability of the final answer.

Figure 3 Prompt Template for Final Answer Generation

4 EXPERIMENTS

4.1 Experiment Setup

4.1.1 Datasets
Following previous works [3,19,20], we conduct experiments on two datasets, WebQuestionSP (WebQSP) and
Complex WebQuestions (CWQ) [21, 22]. The statistics of the datasets are given in Table 1. We follow previous works
(Luo et al., 2024a) to use the same train and test splits for fair comparison. The questions in WebQSP are 1-hop or
2-hop, and the questions in CWQ are 2-4 hops. The two datasets test the model’s ability to understand and answer
questions with multiple facts and reasoning steps. The KG for both datasets is Freebase [23].

Table 1 Statistics of Datasets
Dataset #Train #Test Max #hop
WebQSP 2826 1628 2
CWQ 27639 3531 4

4.1.2 Baselines
We compare MQPF with 13 baselines grouped into 3 categories: (1) LLM only, (2) Multi-path LLM, (3) KG LLM.
(1) LLM-only methods use only LLMs for reasoning without other enhancement methods.
Qwen2-7B is one of a series of LLMs developed by the Alibaba Cloud Tongyi Qianwen team, with a parameter size of
7 billion[24].
Llama-2-7B is one of the Llama 2 series of LLMs developed by Meta AI, with a parameter size of 7 billion[25].
Llama-3.1-8B is one of the Llama 3 series of LLMs developed by Meta AI, with a parameter size of 8 billion[26].
(2) Multi-path+LLM methods prompt LLMs to generate multiple KG paths and CoTs and then generate the final
answers. The reasoning LLMs for this kind of baselines are Llama-2-7B and Llama-3.1-8B.
(3) KG+LLM methods use KGs to enhance LLM reasoning.
G-Retriever retrieves the relevant nodes and edges, then constructs the relevant subgraph using the bonus Steiner tree
method[27].
GRAG retrieves text subgraphs and performs soft pruning to identify relevant subgraph structures effectively, and
proposes a new cue strategy[28].
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SubgraphRAG generates accurate and explainable answers by efficiently retrieving relevant subgraphs from KGs and
leveraging LLMs for reasoning[7].
RoG proposes a planning-search-reasoning framework, which retrieves reasoning paths from KGs to guide LLMs in
reasoning[3].
GNN-RAG integrates graph neural networks (GNNs) as retrieval mechanisms to extract structured knowledge paths
from KGs, which are then verbalized and fed into LLMs for answer generation[6].
4.1.3 Evaluation metrics
Following previous works [3,20,28], we use Hit@1 and the F1 score as evaluation metrics. Hit@1 checks if the ground
truth exists in the generated answers. The F1 score is a harmonic average of accuracy and recall, providing a metric that
balances false positives and false negatives.
4.1.4 Implementations
We choose Llama-3.1-8B-Instruct and Llama-2-7B-Chat as the reasoning LLMs. The number of CoT paths and KG
paths is both set to 4 to get multiple reasoning paths. The hyperparameter η for Sstruct is set to 1 × 10−4, and the threshold
θ for filtering is set to 2. Both of the parameters are selected based on the experimental results. We set the weight
coefficients α, β and γ to ensure that the scores from each dimension are considered equally when calculating the overall
score and to restrict the overall score to a range of (0 − 10). Considering that SLLM is in the range of (0 − 10) and Sstruct
is in the range of (0 − 1) , we set α = 1

3
and β = 10

3
. Because SRM varies with path quality, we dynamically adjust γ

based on its maximum and minimum values to map the score to a range of (0 − 10
3

).

4.2 Main Results

We compare our method, MQPF, to other baselines on the datasets. As Table 2 shows, MQPF performs best on CWQ
and is comparable to other baselines on WebQSP. On CWQ, the F1 score and Hit@1 are 2.6% and 6.1% above the best
baseline. On WebQSP, although MQPF itself performs slightly worse than RoG and SubgraphRAG, it can improve the
performance of the two baselines when combined with them. The MQPF+baselines increase the F1 score of the
corresponding baseline by up to 1.4% and Hit@1 by up to 1.0% on WebQSP. It shows that MQPF can effectively
enhance the multi-path reasoning of the LLMs as a plug-and-play module.
It is found that the performance of Multi-path+LLM baselines is better than that of LLM only baselines. The F1 score is
improved by up to 74.8% and Hit@1 by up to 92.9%. It indicates that multiple reasoning paths can enhance the
coverage and accuracy of the final answers. Also, the overall performance of KG-enhanced methods (Multi-path+LLM
and KG+LLM baselines) is better than that of LLM only baselines, indicating that KGs are important in MHQA tasks.
We also observe that larger LLMs do not always perform better than smaller LLMs. For the performance of
Llama-2-7B and Llama-3.1-8B, Llama-2-7B has a higher F1 and Hit@1 on the WebQSP dataset, by 4.9% and 1.6%. In
the CWQ dataset, its Hit@1 is still higher. This suggests that increasing the parameters does not inherently enhance the
graph reasoning ability of LLMs.

Table 2Model Performance on Two Datasets Comparing Three Catagories of Methods

Category Method WebQSP CWQ
F1 Score Hit@1 F1 Score Hit@1

LLM only
Qwen2-7B [24] 0.3550 0.5080 0.2160 0.2530
Llama-2-7B [25] 0.3650 0.5640 0.2140 0.2840
Llama-3.1-8B [26] 0.3480 0.5550 0.2240 0.2810

Multi-path+LLM Llama-2-7B [25] 0.4625 0.7168 0.3740 0.5411
Llama-3.1-8B [26] 0.4601 0.7137 0.3810 0.5421

KG+LLM

G-Retriever [27] 0.4674 0.6808 0.3396 0.4721
GRAG [28] 0.5022 0.7236 0.3649 0.5018

SubgraphRAG [7] 0.7057 0.8661 0.4716 0.5698
RoG [3] 0.7080 0.8570 0.5620 0.6260

GNN-RAG [6] 0.7130 0.8060 0.5940 0.6170

Our method

MQPF+Llama-3.1-8B 0.6431 0.8337 0.6094 0.6640
MQPF+Llama-2-7B 0.6427 0.8340 0.5990 0.6639

MQPF+RoG 0.7145 0.8636 0.5762 0.6370
MQPF+SubgraphRAG 0.7154 0.8718 0.5027 0.5892

Note: The best results are bolded, and the second best results are underlined.

4.3 Ablation Study

We conduct a series of evaluations of MQPF to see which component plays a key role in the overall score, including
removing SLLM, removing Sstruct, and removing SRM. We can see that the performances of variables all decrease, as shown
in Table 3. It indicates that every component is indispensable. Among them, removing Sstruct drops model performance
the most. On the CWQ dataset, the F1 score decreased by 4.1% and Hit@1 decreased by 3.1%. The situation is similar
on WebQSP. This suggests that Sstruct plays a more central role in the overall score. It evaluates the structural validity
and information density of reasoning paths to select more coherent and concise ones, which effectively improves the
accuracy of the final answers.
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Table 3 Performances of Three Model Variables

Method WebQSP CWQ
F1 Score Hit@1 F1 Score Hit@1

MQPF 0.6431 0.8337 0.6094 0.6640
w/o SLLM 0.6271 0.8188 0.5955 0.6593
w/o Sstruct 0.6196 0.8139 0.5846 0.6432
w/o SRM 0.6293 0.8237 0.5915 0.6511

Note: The best results are bolded.

4.4 Analytical Experiments

4.4.1 Structural hyperparameter analysis
For the hyperparameter for Sstruct for textual paths η, we conduct multiple experiments with different values of it. To
make the distinction between different reasoning paths greater, we set η while keeping the score differences of the
reasoning paths relatively large. As shown in Figure 4, the maximum score difference continues to improve as η
decreases. However, as η decreases, Sstruct will increasingly ignore the path length and rely more on the correlation.
After comprehensive consideration, we set η to 1 × 10−4.

Figure 4 Performances on Different Values of η

4.4.2 Threshold analysis
For the threshold θ for path filtering, we conduct multiple experiments with different values of it. As shown in Figure 5,
when θ = 2, Hit@1 is the highest. Therefore, the threshold θ is set to 2.

Figure 5 Performances on Different Values of θ

5 CONCLUSION

In this paper, we propose a Multi-dimensional Quality-aware Path Fusion framework (MQPF) for path quality
assessment and multi-path fusion in MHQA tasks. It introduces a multi-dimensional evaluation mechanism that
quantifies path quality from semantic, structural, and outcome-based dimensions. Based on the overall scores, it filters
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out low-quality paths to reduce noise and then assigns adaptive weights. Experiments show that MQPF performs
comparably to baselines and can be used as a plug-and-play module to enhance the performance of other multi-path
reasoning methods.
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Abstract: Underwater barnacle cleaning robots require a semantic segmentation algorithm deployable onboard to
effectively segment barnacles, obstacles, and background on ship hulls. This study independently constructed a
dedicated ship hull semantic segmentation dataset and implemented an improved BiSeNet network. The approach
integrates features from both a spatial path and a context path. Building upon the cross-entropy loss function, class
weights were strategically assigned during training according to the distribution of different target categories within the
dataset. This method achieved significantly high Intersection over Union (IOU) and F1 scores.
Keywords: Spatial features; Contextual features; Semantic segmentation; Ship hull dataset; Weighted loss function

1 INTRODUCTION

During prolonged oceanic transits, submerged hull surfaces inevitably develop complex biofouling communities
comprising diverse marine organisms. Crustaceans within the order Cirripedia, particularly barnacles, constitute the
most economically consequential fouling organisms due to their exceptional adhesive properties and rapid reproductive
cycles. Barnacles form permanent calcareous attachments to hull substrates shortly after larval settlement through
proteinaceous cement secreted from specialized glands. Hydrodynamic investigations confirm that extensive barnacle
colonization beyond certain threshold levels substantially increases hydrodynamic drag by fundamentally disrupting
boundary layer flow regimes. This hydrodynamic resistance directly compromises propulsion efficiency, necessitating
considerable engine power augmentation to sustain operational speeds.
Beyond drag-related energy penalties, barnacles induce severe structural deterioration via biocorrosion pathways[1].
Their basal structures release concentrated organic acids that electrochemically compromise protective coatings. This
process generates microscale electrochemical corrosion cells where barnacle-covered zones function as anodes relative
to adjacent cathodic bare steel, markedly accelerating metal oxidation rates. Industry assessments verify that such
biodeterioration significantly curtails vessel service lifetimes, elevates dry-dock maintenance frequency, and generates
substantial latent asset depreciation not routinely accounted for in operational expenditures.
Conventional biofouling management predominantly employs hazardous diver operations or scheduled dry-docking—
both approaches exhibit critical constraints. Human divers confront safety hazards and limited operational endurance,
resulting in restricted cleaning coverage with inconsistent outcomes. Dry-dock procedures, while comprehensive,
immobilize vessels for extended periods at considerable expense, triggering logistical disruptions throughout supply
network.
Recent advancements in remotely operated and autonomous underwater vehicles have redirected industry attention
toward robotic cleaning platforms[2], offering dramatic reductions in human risk exposure and substantial operational
efficiency gains. However, achieving genuinely intelligent robotic cleaning requires overcoming perceptual limitations
in turbid marine environments. Conventional optical imaging systems suffer severe performance degradation
underwater due to light attenuation and particulate scattering, causing traditional edge detection methodologies to
misclassify sedimentary particulates as biological fouling boundaries at elevated error rates[3].
This research addresses these sensory constraints through specialized semantic segmentation frameworks, enabling
precise real-time differentiation of biofouling, structural obstacles, and background elements under validated turbidity
conditions. This capability establishes an automated inspection-cleaning-validation cycle that drastically reduces hull
maintenance durations while significantly suppressing biofouling recurrence through optimized cleaning protocols.
Collectively, these innovations transform robotic systems from basic mechanized tools into intelligent marine
maintenance platforms, delivering fundamental improvements in global maritime operational efficiency and
environmental stewardship.

2 METHODOLOGY

2.1 Multi-Level Supervised Dual-Path Network Framework

BiSeNet is a lightweight neural network specifically designed for real-time semantic segmentation[4]. Its dual-path
architecture balances spatial detail and contextual semantic information, reconciling speed and accuracy. The core
design comprises a Spatial Path (SP) and a Context Path (CP). A Feature Fusion Module (FFM) merges features
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extracted from these paths. To accelerate convergence, a multi-level supervision strategy was employed, incorporating
four auxiliary segmentation heads into the intermediate layers of the Context Path. The auxiliary loss from each head is
calculated, contributing to the total loss function, as defined in Formula (1):

4
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  (1)

2.2 Weighted Cross-Entropy Loss Function

To address class imbalance (e.g., barnacle pixels being substantially fewer than background pixels), a class weighting
strategy was introduced into the standard cross-entropy loss function. This elevates the learning weight for minority
classes. The standard cross-entropy loss is expressed mathematically as Formula (3)[5]. The class-weighted variant is
given in Formula (4), where C represents the total number of classes, yi is the one-hot encoded ground truth label for
each pixel, pi is the predicted probability of the pixel belonging to each class, and wi is the class weight, inversely
proportional to the class’s pixel frequency ai.
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3 EXPERIMENTAL RESULTS

3.1 Dataset Description

A custom dataset simulating the underwater ship hull environment was constructed. Images were captured using an
RGB camera from a simulated robotic perspective. Three target categories were annotated: Background, Barnacle
Region, and Hull Obstacle. The original dataset comprised 408 images, annotated using LabelMe. Through
augmentation techniques including rotation, cropping, and brightness adjustment, the dataset was expanded to 1,872
images. Pixel distribution analysis revealed: Background (Category 0) covered 52.87%, Barnacle Region (Category 1)
covered 39.32%, and Hull Obstacle (Category 2) covered 7.80%. The dataset was split into a training set (1,498 images)
and a test set (374 images) using a 4:1 ratio. Representative dataset samples are shown in Figs. 1 to 3.

Figure 1 Image Containing Seawater Background and Barnacle Region

Figure 2 Image Containing Cleaned Hull Surface and Barnacle Region
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​
Figure 3 Image Containing Hull Obstacle, Barnacle Region, and Seawater Background

3.2 Analysis of Results

A significant imbalance exists in the pixel proportion of the three target classes within the dataset, as summarized in
Table 1.

Table 1 Dataset Class Distribution and Description
Pixel Ratio Description
52.87% Clean hull areas & seawater background
39.32% Barnacle adhesion regions
7.80% Fins, propellers, etc.

Post-implementation of the class weighting strategy, segmentation accuracy for barnacles and obstacles markedly
improved. Performance was evaluated using the F1 score and IoU metrics[6,7]. The F1 score represents the weighted
harmonic mean of precision and recall Formula(5), while IoU denotes the average Intersection over Union Formula(6), A
represents the predicted area, and B represents the ground truth area.

Pr *Re1_ 2*
Pr Re
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Results before weighting application are detailed in Tables 2 and 3.
Single Scale(SS) denotes an inference approach where predictions are generated using the original image resolution or a
single fixed scale, without any multi-scale augmentation.
Multi-Scale Fusion (MSF) involves aggregating predictions from multiple scaled versions of the input image,followed
by fusion mechanisms such as averaging or max-voting to consolidate results across scales.
Multi-Scale Fusion with Cropping (MSFC) combines the principles of MSF with image cropping, applying multi-scale
fusion to cropped sub-regions to further enhance segmentation accuracy, especially for fine-grained details in high-
resolution scenarios.

Table 2 F1 Scores (Baseline - No Class Weighting)​
F1 Score ratio ss msf msfc
cat 0 0.528740 0.852262 0.866208 0.871694
cat 1 0.393239 0.811935 0.845999 0.847779
cat 2 0.078021 0.4704 0.442935 0.531036

macro_F1 ~ 0.711532 0.718381 0.75017
micro_F1 ~ 0.818883 0.837874 0.845198

Table 3 IoU Scores (Baseline - No Class Weighting) ​ ​
Iou ratio ss msf msfc
cat 0 0.528740 0.742559 0.763993 0.77257
cat 1 0.393239 0.68341 0.733101 0.735779
cat 2 0.078021 0.422108 0.543133 0.532094
mIous ~ 0.577834 0.593854 0.623284

fw_mIous ~ 0.685358 0.714432 0.72603

Results after applying class weighting are presented in Tables 4 and 5.

Table 4 F1 Scores (With Class Weighting)​ ​
F1 Score ratio ss msf msfc
cat 0 0.528739 0.872693 0.891672 0.891887
cat 1 0.393239 0.846798 0.870601 0.867972
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cat 2 0.078022 0.68807 0.74849 0.75926
macro_F1 ~ 0.80252 0.836921 0.839706
micro_F1 ~ 0.85155 0.874783 0.874697

Table 5 IoU Scores (With Class Weighting)​
Iou ratio ss msf msfc
cat 0 0.528739 0.77414 0.804521 0.804871
cat 1 0.393239 0.734302 0.770854 0.766741
cat 2 0.078021 0.524472 0.59807 0.611942
mIous ~ 0.677638 0.724481 0.727851

fw_mIous ~ 0.738994 0.775174 0.774824

Following the implementation of the class weighting strategy,significant gains were observed during single-scale
evaluation:Barnacle Region (Category 1): F1 score increased from 0.811 to 0.846; IoU increased from 0.683 to 0.734.
Obstacle Region (Category 2): F1 score increased from 0.470 to 0.688; IoU increased from 0.30 to 0.524.
On the Jetson Orin NX embedded platform, the model inference speed reaches 24 FPS, meeting the real-time control
frequency requirements.

3.3 Inference Visualization

Qualitative results generated by the trained model (with weighting) on different test image types are depicted below (see
Figure 4-9), confirming effective segmentation of all three classes:

Figure 4 An Image Containing a Cleaned Hull Surface and Barnacler

Figure 5 Segmentation Map of an Image Containing a Cleaned Hull Surface and Barnacler

Figure 6 An Image Containing a Hull Obstacle, Barnacle Region, and Seawater Background
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Figure 7 Segmentation Map of an Image Containing a Hull Obstacle, Barnacle Region, and Seawater Background

Figure 8 An Image Containing Seawater Background and Barnacle Region

Figure 9 Segmentation Map of an Image Containing Seawater Background and Barnacle Region

4 CONCLUSION

This research confronts the fundamental technological barrier of precise hull-adhering contaminant segmentation. This
precision is essential for deploying truly intelligent underwater cleaning robotics across global maritime operations. It
proposes an architecturally refined lightweight semantic segmentation paradigm, anchored in an optimized BiSeNet
framework. This framework implements a sophisticated bilateral feature fusion mechanism, which coordinates high-
resolution spatial pathways with deep contextual streams. This coordination overcomes inherent precision-context trade
-offs in turbid subaquatic environments. The paradigm also strategically deploys dynamically class-weighted loss
functions. These functions probabilistically recalibrate learning priorities to counteract extreme categorical imbalances.
These imbalances exist among densely aggregated barnacle colonies, sparse structural obstructions, and heterogeneous
background interfaces.
Concurrently, it integrates hierarchical multi-level supervision modules. These modules inject auxiliary gradients across
complementary feature hierarchies to stabilize convergence pathways and amplify discriminative feature representation
capabilities. Collectively, these innovations enable unprecedented pixel-accurate real-time identification of biofouling
distributions and hazardous protrusions. This identification occurs across complex curved hull surfaces under real-world
visibility constraints. The system sustains real-time computational efficiency, which is essential for continuous hull
scanning during robotic transit. Thereby, it establishes an industrial-grade perception backbone for autonomous
underwater maintenance systems. These systems are capable of executing millimeter-precision cleaning trajectories
around thrusters, sensors, and anodes with zero collision tolerance thresholds. This capability fundamentally redefines
vessel husbandry paradigms by transitioning from reactive labor-intensive scrubbing toward strategically optimized
biofouling management systems. These new systems directly mitigate billions in global shipping fuel penalties and
coating degradation costs annually. They also provide environmentally sustainable alternatives to toxic anti-fouling
chemical treatments.
Future evolutionary research vectors explicitly target multi-physics convolutional architectures intrinsically resilient to
severe scattering noise prevalent in harbor silting conditions through wavelength-adaptive optical modeling coupled
with hybrid optical-acoustic sensor fusion frameworks that synergize RGB imaging with bathymetric laser scanning and
ultrasonic thickness mapping to circumvent spectral attenuation limitations. They also advance predictive maintenance
cognition through temporal consistency networks that correlate sequential segmentation maps into 4D hull corrosion
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progression models facilitating preventative structural interventions and lifecycle durability forecasts. Together, these
developments collaboratively position next-generation marine robotic platforms as comprehensive vessel health
guardians reconciling operational safety compliance, economic sustainability objectives, and oceanic ecosystem
preservation imperatives within unified autonomous service frameworks[8-10].
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Abstract: With the acceleration of global digitalization, cybercrime has exhibited transnational and covert
characteristics, posing severe challenges to national cybersecurity. To scientifically evaluate the cybersecurity level of
various countries and identify effective policy pathways, this study proposes a comprehensive evaluation model
integrating the Analytic Hierarchy Process and Technique for Order Preference by Similarity to Ideal Solution. Based
on the five pillars of the International Telecommunication Union Global Cybersecurity Index, an evaluation system
comprising 15 sub-indicators is constructed. Indicator weights are determined through expert scoring, and the TOPSIS
algorithm is employed to conduct quantitative ranking and grading of the cybersecurity levels of 27 countries. The
results show that there is a significant positive correlation between cybersecurity level and comprehensive national
strength. Technologically advanced countries such as Finland and the United States are rated as "Excellent", while less
developed countries such as Zimbabwe fall into the "Weak" category. Furthermore, Pearson correlation analysis on U.S.
cybercrime data and demographic characteristics reveals that internet usage, employment to population ratio of men
aged 15-24 and GDP exhibit significant statistical associations with cybercrime incidence. This study provides a
data-driven decision-making framework for policymakers to optimize cybersecurity strategies and verifies the core role
of synergistic governance of law and technology.
Keywords: AHP-TOPSIS; National cybersecurity level assessment; GCI; Cybercrime prevention and control

1 INTRODUCTION

In recent years, the rapid development of information technology has profoundly promoted global connectivity. While
significantly enhancing social productivity, it has also amplified cybersecurity risks. Cyber threats exhibit strong
transnationality and concealment. To address systemic risks, countries around the world are actively formulating
cybersecurity strategies. Therefore, constructing a scientific and quantifiable national cybersecurity level assessment
system is of great significance for identifying weak links, optimizing resource allocation, and improving global cyber
resilience. This study intends to integrate the Analytic Hierarchy Process (AHP) and Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) to establish a comprehensive evaluation model. In existing studies, Ashour M and
Mahdiyar A pointed out that the application of the AHP method in multi-criteria decision-making has been
continuously expanding, with significant advantages especially in risk assessment and resource allocation, however,
current research has paid insufficient attention to the complex and multi-dimensional field of cybersecurity, and its
applicability in dynamic cyber threat environments remains to be improved [1]. To this end, Alhakami combined fuzzy
AHP with TOPSIS to construct a comprehensive assessment framework, which was used to evaluate the effectiveness
of intrusion detection methods under Gen V multi-vector attacks [2]. Nevertheless, Wang et al. argued that although
AHP and TOPSIS perform well in determining indicator weights, existing studies have not fully explored the impact of
multi-source information such as expert trust information and corporate preference information on assessment accuracy
[3]. In addition, Yu proposed a cybersecurity situation assessment method based on a fusion model, which improved the
quality and efficiency of feature extraction but failed to fully cover the specific cybersecurity needs of the Industrial
Internet of Things (IIoT) [4]. This paper proposes a new model combining AHP and TOPSIS methods, which aims to
provide comprehensive support for the scientific assessment of national cybersecurity levels.
The main contributions of this paper include: 1) Developed a comprehensive evaluation model based on AHP-TOPSIS,
realizing the quantitative assessment of national cybersecurity levels. 2) Innovatively deconstructs the five pillars of the
Global Cybersecurity Index (GCI) into 15 sub-indicators and resolves the coupling among the indicators through the
AHP. 3) Revealed multidimensional correlations between cybercrime and demographic characteristics through Pearson
correlation analysis, providing empirical evidence for targeted policy formulation.
The structure of this paper is as follows: The first part is the introduction, which introduces the research background,
current research status, and contribution points; The second part is related theories, which expounds on AHP, TOPSIS
and Pearson; The third part is model establishment and analysis, which describes in detail the model ideas and
establishment process; The fourth part is model conclusions, which summarizes the research results; The fifth part is the
conclusion, which expounds on the research significance and future prospects.

2 RELATED THEORIES
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The AHP is a systematic decision-making method. It decomposes complex problems into multiple levels and factors,
then conducts pairwise comparisons of these factors through expert judgments to construct a judgment matrix, thereby
determining the weights of each factor and ultimately providing decision support. The core of the AHP algorithm lies in
integrating qualitative analysis with quantitative analysis: through a hierarchical structure, it breaks down complex
decision-making problems into multiple comparable subproblems, and determines the relative importance of each factor
based on expert experience [5]. This method is particularly applicable to decision-making problems that are difficult to
directly subject to quantitative analysis, such as evaluating the relative importance of different threat factors in
cybersecurity risk assessment [6].
The TOPSIS algorithm is a commonly used multi-criteria decision analysis method. Its core idea is to construct the
ideal solution and the negative ideal solution, then calculate the distances between each alternative and the ideal
solution as well as the negative ideal solution, and determine the ranking of each alternative in terms of superiority or
inferiority based on these distances. The basic steps of the TOPSIS algorithm include: constructing the decision matrix,
normalizing the decision matrix, determining the ideal solution and the negative ideal solution, calculating the distances
between each alternative and the ideal solution as well as the negative ideal solution, calculating the relative closeness
of each alternative, and finally ranking the alternatives based on the relative closeness [5].The TOPSIS algorithm boasts
advantages such as clear conceptualization, simplicity in calculation, and effectiveness in handling multi-criteria
decision-making problems. In the field of network security, this algorithm can be applied to evaluate the effectiveness
of different security solutions. For instance, it enables the selection of the optimal security solution by considering
multiple indicators of security schemes, including cost, performance, and reliability [7].
The Pearson correlation coefficient (PCC) is a commonly used statistical measure of the linear relationship between two
variables. Its core concept is to quantify the strength of the positive or negative change in one variable when the other
variable changes. It determines the correlation by calculating the ratio of the covariance between two variables to the
product of their standard deviations. The result ranges from -1 to +1, where +1 indicates perfect positive linear
correlation, -1 indicates perfect negative linear correlation, and 0 indicates no linear correlation [8-10]. The Pearson
correlation coefficient has a wide range of applications, playing a significant role not only in basic statistical analysis
but also being integrated into various complex decision-making, prediction, and machine learning models [11-14].

3 EXPERMENTS

National cybersecurity level is related to multiple factors. Given the existence of assessment tools such as the
International Telecommunication Union (ITU)'s GCI, we adopted the five indicators and 15 sub-indicators from this
research to construct a national cybersecurity level evaluation index system [15]. Based on this information, we
ultimately employed a combined method of AHP and TOPSIS to evaluate a country's cybersecurity level. When
analyzing complex decision-making problems, the AHP decomposes the problem into different levels, including the
goal layer, criterion layer, and alternative layer. Subsequently, a judgment matrix is constructed by comparing the
relative importance of elements within the same level, and the weights of each element are calculated. Finally, ranking
and decision-making are performed based on the weights and the scores of the alternative layer.
Constructing the judgment matrix: By reviewing relevant literature, this study obtained expert ratings for the five
indicators in the main criterion layer. The rating result for each indicator is the average of the expert ratings, from which
the final ratings are derived [16], and then the judgment matrix is determined as shown in Table 1. Among them, F1:
Legal, F2: Technical, F3: Organizational, F4: Capacity development, F5: Cooperation.

Table 1 AHP Judgment Matrix of Main Criteria Layer Based on Expert Ratings
F1 F2 F3 F4 F5

F1 1 9 2 8 6
F2 1/9 1 1/6 1/2 1/3
F3 1/2 6 1 3 2
F4 1/8 2 1/3 1 1/2
F5 1/6 3 1/2 2 1

Calculation of eigenvectors:For the judgment matrix R , compute its largest eigenvalue. Eigenvector v is a nonzero
vector satisfying the following equation:

Rv=λv (1)
The eigenvalues are obtained by solving the characteristic equations:

det R−λI =0 (2)
For each eigenvalue λ,substituting into the matrix equation:

R−λI v=0 (3)
By solving this system of linear equations,we obtain the corresponding eigenvectors v. Normalize the feature vectors so
that the weights sum to 1:

w= v
∑i=1
n vi

(4)
Calculate Consistency Ratio: Calculation of consistency indicators CI the formula is as follows

CI= λmax−n
n−1

(5)
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Next, the consistency ratio is calculated, with its formula as follows:
CR= CI

RI
(6)

If CR<0.1 then the consistency of the judgment matrix is better. If CR＞0.1 then the judgment matrix needs to be
readjusted.The calculated CR value is 0.998, which proves that the consistency of the judgment matrix is acceptable.
For the word criterion layers S1, S2, S3 ......S15, we use the same method to figure out their weights.The weights of the
criterion and sub-criterion layers are used to obtain the combined weights of the factors. For a given criterion , its final
weight is:

w Ck =∑i=1
mk w Ck,Si ×w Si (7)

The TOPSIS algorithm is then used to score and rank each country [17]. For each country, normalize the ratings in each
sub-criterion by dividing the rating by the maximum value of that sub-criterion across all countries:

Xij=
xij

max xij
(8)

Apply the aggregated weights of the sub-criteria to the normalized decision matrix:
Vij=Xij×wj (9)

Determine the ideal and anti-ideal solutions:
A+= max Vij (10)

A−= min Vij (11)
Compute the Euclidean distance of each country from the ideal and anti-ideal solutions:

Di+= ∑j=1m Vij−Aj+
2

(12)

Di−= ∑j=1m Vij−Aj−
2

(13)
Calculate the relative closeness of each country to the ideal solution:

Ci=
Di
−

Di
++Di

− (14)
Next, this study analysed the correlation between cybercrime and demographic data in the United States between 2000
and 2022. Since demographic characteristics have many kinds, so we firstly choose many kinds of demographic
characteristics data, and based on the number of cybercrimes under different years, we conduct Spearman correlation
analysis on them. Since the crime situation in the United States is characterized by a large amount of data and volatility
relative to the crime situation in other countries, and the number of crimes in other countries is often in a state of zero
relatively over a period of time, which is not conducive to data analysis, we have chosen the U.S. data for correlation
analysis here.
This study uses Pearson's product-moment correlation coefficient to quantify the linear correlation between
demographic indicators and cybercrime rates. For a bivariate dataset containing n=23 observations, the correlation
coefficient r is calculated using the following formula:

rXY=
∑i=1
n Xi−X� Yi−Y�

∑i=1
n Xi−X� 2 ∑i=1

n Yi−Y� 2
(15)

To test the statistical significance of r, construct the t-statistic:

t=r n−2
1−r2

∼ t n−2 (16)

4 RESULTS

This study employs the AHP-TOPSIS model to evaluate the cybersecurity levels of 27 countries, with its key findings
manifested in two dimensions:
Characteristics of indicator weight distribution: The weights of the five pillars determined by the model via the AHP
algorithm show significant differences (Figure 1). The legal dimension dominates absolutely with a weight of 52.32%,
among which personal data protection (PP, 33.14%) and effective data protection regulations (DPF, 13.63%) are key
sub-indicators. The technical dimension has the lowest weight (4.33%), with the adoption of cybersecurity standard
frameworks (FCS, 0.42%) among its sub-indicators showing a weak contribution. The organizational (24.17%),
cooperative (11.9%), and capacity-building (7.28%) dimensions together form a secondary support layer. This weight
distribution indicates that cybersecurity levels are mainly driven by legal completeness, with the marginal utility of
technical means being limited.
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Figure 1 Indicator Weights

Polarization of national scoring grades: The ranking of Ci values based on the TOPSIS algorithm (Figure 2) reveals a
polarization in the cybersecurity levels of the 27 countries: High-score group (Ci≥0.8): 13 countries including Finland
(0.91), the United States (0.89), and Singapore (0.87), with their legal dimension scores all exceeding 0.9 (out of 1) and
organizational dimension scores >0.85; Low-score group (Ci≤0.2): 10 countries including Zimbabwe (0.15), Niger
(0.17), and Equatorial Guinea (0.18), with their legal dimension scores all below 0.2 and technical dimension scores
less than 0.1.

Figure 2 Score Ranking

The heat map of Pearson's correlation analysis is shown in Figure 3, and some demographic characteristics t-test results
are shown in Table 2. The result revealed that a statistically robust negative correlation between youth employment
rates (aged 15–24) and cybercrime incidence, where higher workforce engagement correlates with reduced criminal
activity. Concurrently, internet usage exhibits a strong positive association, confirming that expanded digital access
inherently broadens attack surfaces. Gross Domestic Product demonstrates a paradoxical role: while economic
advancement enables technological resilience, it simultaneously elevates cyber-risk exposure through increased
digitalization. Critically, these demographic and economic dynamics are subordinate to legal infrastructure—which
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holds 52.32% weight in our AHP-TOPSIS framework—as evidenced by nations like Finland maintaining low
cybercrime despite high internet/GDP metrics through stringent data protection laws (PP: 33.14% sub-weight). Other
variables, including inflation and educational attainment, lack significant explanatory power. Thus, effective
cybersecurity policy must prioritize youth employment stabilization and calibrated digital inclusion, all anchored by
legislative rigor.

\
Figure 3 Pearson Correlation Analysis Heat Map

Table 2 Some Demographic Characteristics t-Test Results
Variable r t Significance level

EPR15-24M -0.912 -10.19 1%
Internet usage 0.750 5.20 1%

GDP 0.760 5.36 1%
Inflation -0.305 -1.47 Not significant

Educational level -0.100 -0.46 Not significant

5 CONCLUSIONS

This study innovatively constructs an AHP-TOPSIS comprehensive evaluation model to achieve a quantitative
assessment of national cybersecurity levels, effectively addressing the shortcomings of existing research in adapting to
multi-dimensional complex cybersecurity environments. The model is based on the five pillars of the International
Telecommunication Union's Global Cybersecurity Index, innovatively decomposing them into 15 sub-indicators. Expert
scores were used to determine the weights, and the TOPSIS algorithm was applied to rank and classify the cybersecurity
levels of 27 countries. The results indicate that cybersecurity levels are significantly positively correlated with a
country's overall strength, with the legal dimension accounting for over half of the weighting, making it the core factor
influencing cybersecurity, while the marginal utility of technical measures is relatively limited. Further Pearson
correlation analysis reveals that factors such as youth employment rates, internet usage rates, and GDP are significantly
associated with cybercrime rates in the United States. This study not only provides data-driven decision support for
policymakers but also validates the critical role of legal and technical collaborative governance in cybersecurity. Future
research could consider incorporating more country samples and dynamic indicators to further optimize the timeliness
and applicability of the evaluation system.
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Abstract: With the continuous advancement of the "dual carbon" goals, improving the efficiency of solar energy
utilization and reducing the cost of power generation have become key directions for technological innovation in the
photovoltaic industry. This paper, starting from practical application needs, designs a photovoltaic tracking support
system based on the CH31. The system is built on the Alibaba Cloud IoT platform, combined with 4G wireless
communication technology, and uses the MQTT communication protocol to complete data upload and command
download. The system integrates tilt sensors, light sensors, wind speed and direction sensors, and rain and snow sensors,
and uses GPS to obtain longitude and latitude and RTC time. Using astronomical algorithms, the system achieves
forward and reverse tracking of the photovoltaic system. To facilitate user management, the system includes a manual
mode, which allows for the adjustment of the photovoltaic panel tilt angle through buttons or the cloud, at which point
the tracking function is disabled. Combined with meteorological sensors, when extreme weather is detected, the
photovoltaic panel is set to a fixed tilt angle mode to achieve self-protection.
Keywords: CH32; Photovoltaic tracking system; MQTT; Astronomical algorithm

1 INTRODUCTION

As the global energy structure accelerates toward clean and low-carbon transformation, solar energy, with its abundant
reserves, renewable, and pollution-free advantages, has become a core force in replacing traditional fossil fuels. In the
rapid development of the photovoltaic industry, maximizing the conversion efficiency of solar energy and reducing the
cost per kilowatt-hour (kWh) have always been core goals of technological innovation.[1] The photovoltaic tracking
system is one of the methods that can effectively improve the utilization of solar energy. The system uses GPS data
combined with astronomical algorithms to calculate the solar altitude angle and azimuth angle, aligning the photovoltaic
panel perpendicularly to the incident solar radiation, thereby achieving forward tracking of the photovoltaic system[2].
To prevent shading caused by excessive tilt angles of the photovoltaic panel during sunrise and sunset and to facilitate
user management, the system introduces an inverse tracking mode and a manual mode based on forward tracking.In the
manual mode, users can adjust the tilt angle of the photovoltaic panel through the built IoT platform or local buttons,
and the tracking function is disabled in this mode. Additionally, the system uses multiple sensors to detect external
weather conditions, and in extreme environments, the system activates a self-protection mode, setting the photovoltaic
panel to a fixed tilt angle[3]. The attitude sensor continuously detects the tilt angle of the photovoltaic panel in real-time
(September 15, 2025), achieving closed-loop control of the photovoltaic panel angle, thereby maximizing the capture of
solar energy.

2 DESIGN SCHEME FOR PHOTOVOLTAIC TRACKING SYSTEM

The overall architecture of the system includes power management, sensor data acquisition, drive control module, and
IoT platform. The system inputs a 12V power supply and provides stable 5V and 3.3V power to the system through two
voltage reduction circuits, ensuring that all modules work properly. In the design of the photovoltaic tracking system,
GPS is selected to obtain the location information of the device, and the latitude, longitude, and RTC time data are
analyzed. Astronomical algorithms are used to automatically calculate the solar altitude angle and azimuth angle. Based
on the calculated angle and tracking mode, the motor is controlled to rotate, thereby driving the photovoltaic panel. In
addition, an attitude sensor is used to detect whether the actual angle of the photovoltaic panel matches the theoretical
angle and achieve angle feedback. At the same time, rain and snow sensors, lighting sensors, and wind speed and
direction sensors are introduced to sense the local weather and lighting conditions in real time. When detecting
abnormal external environment or light intensity values below the threshold, the photovoltaic panel switches to a fixed
mode. The system is set up for remote control of the Internet of Things and local control of buttons, achieving manual
mode of the system. In this mode, the tracking function is turned off. Simultaneously upload data to the cloud platform
through the 4G module to achieve remote monitoring.

2.1 Tracking Mode

On a day with good weather conditions, the large tilt angle of the photovoltaic panels calculated at sunrise and sunset
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can cause the rear photovoltaic panels to be obscured by the shadows of the front row. Therefore, the system adopts
reverse tracking mode at sunrise and sunset, and forward tracking mode at other times. The system obtains the latitude
and longitude of its location and RTC time through GPS, and uses astronomical algorithms to calculate the solar altitude
angle α, declination angle δ, time angle ω, and azimuth angle λ[4].
Solar altitude angle α: The angle between the direct sunlight and the plane of the observation point. The calculation
formula is:

α= arcsin ( sin δ * sin φ + cos δ *cosφ*cosω) (1)
Among them, δ is the solar declination angle, φ is the latitude of the measured earth, and ω is the time angle.
Solar declination angle δ: The angle between the incident light of the sun and the equatorial plane. The calculation
formula can be expressed as:

δ=0.3723+23.2567sinθ+0.1149sin2θ-0.1712sin3θ-0.785cosθ+0.3656cos2θ+0.201cos3θ (2)
θrepresents the solar angle, and its calculation formula is:

θ= 2π（N-N0）
365.2422

(3)
N represents the product day, which is the number of days from January 1st of each year to the calculation day, and
distinguishes between normal and leap years. For example, the product day of December 31st in a normal year is 365,
while in a leap year it is 366; N0 is the correction constant for the product of days, with an approximate value of 79.67.
The specific expression is:

N0=79.6764+0.2422*(Year-1985)-INT( Year-1985
4

) (4)
Time angle ω: The angle between the incident sunlight and the local radial plane of the Earth. The calculation formula
is:  15*12T ）（ s .
The calculation formula for Ts is:

6015
120TT 0

EJs 


 , T0 is Beijing time, J is the longitude of the measurement

location, taken as+for longitude west and - for longitude east; E is the time difference. The time difference E can be
expressed as:

 2cos6882.0cos0924.72sin059.9sin9857.10028.0E  (5)
After calculating the above data, if the system is in forward tracking mode, the schematic diagram of the solar altitude
angle α, photovoltaic panel inclination angle β, and photovoltaic panel theoretical tracking angle γ are shown in Figure
1.

Figure 1 Schematic Diagram of Angle in Forward Tracking Mode

When the system is in reverse tracking mode, first calculate the minimum distance  sinsinD Bd  .between
adjacent photovoltaic supports in the east-west direction, where d is the projection length of direct sunlight between
adjacent photovoltaic supports; B is the width of the photovoltaic panel. And its projection length d can be expressed as:




tan
sinBd  , It’s shown in Figure 2.
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Figure 2 Schematic Diagram of Reverse Tracking Mode Angle

2.2 Fixed Mode

When the wind speed and direction sensor of the system detects that its wind speed value exceeds the threshold, in order
to prevent damage to the photovoltaic bracket, the photovoltaic panel switches to a fixed mode, that is, the photovoltaic
panel rotates to the windward side at an angle of 5 °. At this time, the theoretical tracking angle is 175 ° or 185 °, and
the photovoltaic panel stops tracking until the wind speed is detected to be normal; When the rain and snow sensor of
the system detects heavy rainfall or snow, in order to prevent snow accumulation on the photovoltaic panel from
causing damage to the photovoltaic bracket or rainwater erosion of the photovoltaic panel, the photovoltaic panel
switches to fixed mode, that is, the photovoltaic panel rotates to 135 ° and remains unchanged until the environment
returns to normal; When the light sensor detects that the current ambient light intensity value is below the threshold, the
system switches to a fixed mode, and the photovoltaic panel maintains 185 ° to reduce the power consumption
generated when the motor drives the photovoltaic panel to rotate.

2.3 Manual Mode

For the convenience of user management, installation, and debugging, the system has added a manual mode. Users can
control the rotation of the photovoltaic panel through local system integration buttons, or issue instructions through the
Internet of Things platform to temporarily adjust the tilt angle of the photovoltaic panel. In this mode, the photovoltaic
tracking function is turned off to prevent functional conflicts; Dust can have a significant impact on the performance of
photovoltaic panels [5]. When the amount of dust reaches 12.64g/m2, its power generation will decrease by about 20%;
Due to the large size of photovoltaic panels in the application scenario of photovoltaic tracking brackets, the system
mode needs to be switched to manual mode when cleaning the photovoltaic panels, in order to adjust the tilt angle of the
photovoltaic panels and facilitate cleaning and maintenance by cleaning personnel[6].

3 HARDWARE CIRCUIT DESIGN

The photovoltaic tracking bracket control system is designed and developed based on the CH32 microcontroller. The
hardware circuit consists of several parts, including the control unit, power unit, data acquisition unit, communication
unit, and drive unit. Among them, the power supply unit is used to first convert the 12V power input by the system into
5V through LM7805T to supply power to the 4G module, and then complete the 5V to 3.3V power conversion through
AM11117-3.3 to increase the stable voltage for the main control chip and peripheral sensors; The data acquisition unit
completes the data acquisition function through lighting sensors, rain and snow sensors, wind speed and direction
sensors, attitude sensors, and GPS. The collected data will be sent to the main control chip for filtering and processing,
thereby reducing data jitter and providing a reliable data source for its logical execution; Using 4G modules to complete
data upload and distribution, achieve communication functions, and upload data collected by sensors to the Alibaba
Cloud platform[7]. Users can remotely monitor the current device status and issue instructions through the Alibaba
Cloud platform in case of abnormalities, ensuring the normal operation of the system; The control unit analyzes the
latitude, longitude, and RTC time based on the data obtained from GPS, calculates the corresponding theoretical value
of the photovoltaic panel tilt angle using astronomical algorithms, and compares it with the photovoltaic panel tilt angle
value collected by the attitude sensor to control the driving unit and unify the theoretical value with the actual value[8].
In addition, buttons are integrated in the control unit to achieve local control functions. The specific hardware circuit
diagram is shown in Figure 3.
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Figure 3 Hardware Circuit Diagram

4 EXPERIMENTALDATATESTINGANDANALYSIS

During the testing process, the system selects outdoor as the testing location and conducts fixed-point timed sampling at
9 equidistant time points throughout the day, namely 5:00, 7:00, 9:00, 11:00, 13:00, 15:00, 17:00, 19:00, and 21:00.
Based on the above formula, the theoretical and actual tracking angles of the photovoltaic tracking support control
system are calculated for one day. After each collection, print out the theoretical angle value through the serial port and
record it. The specific test results are shown in Table 1.

Table 1Angle Test Results
Test time theoretical

angle (°)
actual angle

(°)
absolute error (°) relative error (%)

5: 00 180.0 179.1 theoretical angle 0.50
7: 00 144.7 143.9 0.8 0.55
9: 00 168.5 167.7 0.8 0.47
11: 00 192.1 191.5 0.6 0.31
13: 00 217.4 218.1 0.7 0.32

15: 00 241.2 240.5 0.7 0.29
17: 00 190.9 190.1 0.8 0.42
19: 00 184.5 183.9 0.6 0.32
21: 00 180.0 180.8 0.8 0.44

According to the test results, the angle of the photovoltaic panel changes linearly with time from 9:00 to 15:00. The
angle of rotation of the photovoltaic panel every 2 hours is approximately 24 °. During this time period, the system
adopts forward tracking mode; The angles between 5:00-9:00 and 15:00-21:00 show nonlinear changes over time, and
the system adopts reverse tracking mode. Due to the addition of an attitude sensor in the system to analyze the angle of
the photovoltaic panel in real time and provide feedback to CH32, CH32 compares the calculated theoretical value with
the actual value returned by the attitude sensor to control the low-speed motor for adjustment until they are consistent.
Therefore, the error between the theoretical value and the actual value of the photovoltaic panel angle is relatively small,
with an absolute error of less than 1 ° and a relative error of less than 0.6%. Meet the design requirements for system
tracking accuracy.

5 CONCLUSION

This design is aimed at the photovoltaic tracking bracket control system, covering the entire process of hardware design,
software debugging, and system testing. Advanced sensors have been selected for data acquisition in hardware to ensure
the accuracy and effectiveness of the data. The data processing module verifies, filters, and analyzes the collected
environmental data, improving the accuracy and reliability of the system. Determine the current operating mode of the
system based on the processed sensor data. The system also integrates a 4G wireless communication module, which can
transmit real-time monitoring data to the IoT platform. Users can also issue instructions based on the system's various
data, completing remote monitoring and control functions. The system testing results show that the tracking error of the
system is within ± 1 °, which meets the system design requirements and can effectively improve the capture efficiency
of sunlight.
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