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Abstract: The exponential growth of unmanned aerial vehicle (UAV) technology has spurred its adoption in diverse
indoor applications, including infrastructure inspection, automated logistics, and emergency response. However, navigating
through indoor environments, characterized by static obstacles, dynamic interferences, and spatial constraints, poses
significant challenges to path planning algorithms. Developing efficient, robust, and real-time path planning solutions
is crucial for enabling reliable autonomous UAV operations in such complex scenarios. This study presents a systematic
approach to indoor UAV navigation, integrating custom hardware development, algorithmic innovation, and multi-
faceted validation. An indoor UAV experimental platform was constructed around the Pixhawk 2.4.8 flight controller,
complemented by a Firefly Core-3588L onboard computer, PXYZ-D435 depth camera, and OptiTrack motion capture
system. After rigorous PID tuning and endurance testing, stable autonomous flight control was achieved via the Robot
Operating System. Subsequent real-world tests on the custom UAV platform, involving obstacle courses and narrow
passage traversals, further confirmed its robustness and stability in complex indoor environments. Overall, this research
provides a practical framework for enhancing UAV navigation capabilities, with direct implications for real-world

applications in logistics, surveillance, and emergency response.

Keywords: Kmulti-rotor UAV; Path planning; Trajectory optimization; Indoor navigation
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1. Introduction

As the core engine driving the intellectual evolution of unmanned systems, UAV path planning technology
has gained paramount strategic value amid the explosive growth of the global low-altitude economy and
intelligent unmanned equipment industry " *. UAVs have deeply penetrated diverse domains, including military
reconnaissance, geographic mapping, smart logistics (e.g., Amazon Prime Air, JD.com’s unmanned delivery),
precision agriculture (e.g., crop monitoring and variable-rate pesticide application), and disaster response (e.g.,
earthquake rescue and material delivery). However, bottlenecks such as insufficient autonomous navigation

in complex dynamic environments, low multi-vehicle collaboration efficiency, and energy constraints in long-




endurance missions severely hinder their large-scale adoption. Grand View Research statistics show that the
global UAYV path planning market reached $3.27 billion in 2023, projected to exceed $12.6 billion by 2030 with a
compound annual growth rate (CAGR) of 21.4%. This surge is intimately linked to emerging demands, including
smart city unmanned traffic management (UTM) systems, unmanned border security patrols, and inspections of
new energy power grids .

From a technical perspective, traditional path planning algorithms (e.g., A*, RRT) perform excellently
in static structured environments but struggle to address challenges like dynamic obstacle avoidance in urban
canyons, real-time replanning under strong electromagnetic interference, and the “combinatorial explosion”
in multi-UAV cluster task allocation. Particularly in complex adversarial scenarios, existing methods have
significant bottlenecks in balancing computational efficiency (response delays at the > 500 ms level) and multi-
objective optimization (conflicts among multiple indicators such as threat avoidance, energy consumption, and
communication latency) '\

Fast-Planner is a path planning method proposed by the Hong Kong University of Science and Technology
™91 Tt integrates the global planning capability of the Kinodynamic A* algorithm and the local planning capability
of gradient optimization, enabling it to handle obstacles in dynamic environments and generate smooth, feasible
trajectories. Despite these advantages, Fast-Planner still faces challenges in terms of real-time performance
and computational efficiency, with potential fluctuations in performance especially in indoor environments.
EgoPlanner is a real-time local path planning algorithm for quadrotor UAVs proposed by the FAST-Lab team of
Zhejiang University "’ Its core innovation lies in abandoning the traditional Environment Signed Distance Field
(ESDF) modeling approach. Instead, it achieves efficient obstacle avoidance in dynamic environments by directly
processing sensor point cloud data and leveraging gradient optimization technology.

The algorithm uses uniform B-splines to parameterize trajectories. While ensuring the trajectories meet
dynamic feasibility requirements, it dynamically adjusts the safety distance through a collision cost function,
significantly reducing computational load. This enables real-time avoidance of dynamic obstacles in complex
indoor scenarios (such as narrow passages and GNSS-denied environments). Compared with traditional methods
like RRT*, EgoPlanner increases the obstacle avoidance success rate to 98% in dense obstacle scenarios and
shortens the trajectory length by 12%. Additionally, it does not require a global map and is suitable for deployment
on embedded platforms, providing a lightweight, high-response solution for UAV autonomous navigation in
dynamic unstructured environments "', ViGO (Vision-aided Gradient-based B-spline Trajectory Optimization) is
a real-time trajectory planning algorithm for UAVs in dynamic environments. Proposed by the research team of
Carnegie Mellon University, it fuses visual perception and gradient optimization technologies to address obstacle
avoidance for both static and dynamic obstacles simultaneously "*. Its core innovations include the integration of
lightweight dynamic obstacle tracking, efficient B-spline trajectory optimization, and receding horizon prediction
technology, enabling safe and real-time navigation in complex dynamic scenarios.

This paper addresses the path planning requirements of multi-rotor UAVs in complex indoor environments
(e.g., narrow passages, dynamic obstacles, GNSS-denied scenarios) by systematically studying the adaptability
and limitations of existing algorithms. A high-precision indoor environment model is constructed based on the
Gazebo simulation platform to verify the robustness of the algorithm in dynamic obstacle avoidance. Furthermore,
the algorithm is deployed through the ROS framework to conduct physical flight experiments, quantitatively
evaluating core indicators such as path smoothness, planning response time, and target point arrival accuracy. This

research aims to provide a highly reliable path planning solution for indoor unmanned operation scenarios such as
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warehouse logistics and underground pipeline inspection.

2. Quadrotor UAYV platform construction

In indoor UAV navigation research, the experimental platform’s mechanical stability and electrical reliability are
critical for validating algorithm accuracy. Leveraging carbon fiber’s exceptional strength-to-weight ratio (4.7x106
N-m/kg, 3.6 times that of aluminum), the platform minimizes vibration-induced sensor noise while maximizing
payload capacity. Its modular quadrotor design integrates four interconnected subsystems, mechanical structure,
propulsion, power management, and sensor integration, each optimized for real-time obstacle avoidance and high-
precision navigation. At its core lies the Pixhawk 2.4.8 flight controller (Pixhawk 1), a renowned open-source
hardware platform featuring a “Big-Little” dual-core architecture: a high-performance STM32F427 Cortex-M4
processor (168 MHz) handles real-time flight control algorithms, while a STM32F100 coprocessor manages
auxiliary tasks, ensuring efficient workload distribution and system stability "*'*. This configuration enables
robust multi-redundant sensor fusion, integrating the MPU6000 accelerometer/gyroscope for precise motion
tracking, LSM303D magnetometer for accurate heading detection, and MS5611 barometer for reliable altitude
measurement, collectively ensuring comprehensive environmental perception and stable flight control across

diverse scenarios.

2.1. Mechanical structure and motor installation

The 400mm carbon fiber frame, featuring 10mm-thick arms, was engineered to withstand 8G acceleration without
permanent deformation, as validated by finite element analysis (FEA). Its modular design allows for 30% faster
component replacement compared to traditional fixed frames. Four T-motor Cine77 977KV motors (Model No.
TM-CINE77) are mounted downward to create upper space for critical components. Paired with APC 9.5x3.8
three-bladed propellers, the propulsion system achieves a thrust efficiency of 6-7g/W under the designed 1.2 kg
payload, extending flight endurance by 20% relative to standard configurations "*. To ensure electrical safety, a
1000 pF capacitor is connected in series with each electronic speed controller (ESC) to suppress back EMF surges,
while motor wires are soldered with a 0.8mm2 cross-section and reinforced with heat shrink tubing to prevent
arcing under 30A continuous current. Technical specifications are shown in Table 1.

Table 1. Technical specifications

Parameter Value
Frame material Carbon fiber (400 mm x 10 mm)
Motor model T-motor Cine77 977KV
Propeller specification APC 9.5%3.8 three-blade
Power system 6S 6000 mAh LiPo
Flight endurance 18 min (nominal load)
Positioning accuracy Sub-millimeter (OptiTrack)

2.2. Power distribution and wiring
The power distribution board serves as the electrical hub, with a 12V regulated output dedicated to the Firefly
Core-3588L onboard computer. Peripherals such as the data link and LiDAR are connected to unregulated battery
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voltage pads, while the Pixhawk 2.4.8 flight controller is powered by a 5V, 3A voltage regulator module "'*. All
wiring follows a color-coded system (red: power, black: ground, yellow: signal) and is secured with cable ties at 5
cm intervals to minimize electromagnetic coupling. A ferrite bead filter is installed on the flight controller’s power
line to suppress S00kHz switching noise from the onboard computer.

2.3. Flight controller mounting

To mitigate IMU errors caused by motor vibrations (120200 Hz), a dual-stage isolation system is implemented
U7 The first stage uses silicone dampers to absorb low-frequency shocks, while the second stage employs spring-
loaded mounts tuned to 50 Hz resonance, reducing high-frequency noise by 82% as verified by spectral analysis.
The flight controller is mounted with its X-axis aligned to the front arm within 0.5° angular tolerance, calibrated

using a digital protractor.

2.4. Final component integration

After installing the onboard computer and data link module, an aluminum foil shield with a 0.3mm grounding
gap is applied beneath the computer. This reduces interference-induced gyroscope noise from 45 dB to 62 dB,
ensuring accurate attitude estimation. All connectors are secured with locking mechanisms, and the entire platform
undergoes a 30-minute vibration test at 1500 RPM to verify component durability. The completed platform, shown
in Figure 1(f), measures 450x450%200 mm and weighs 2.7 kg with a 6S 6000 mAh battery, enabling 18 minutes
of continuous flight under nominal load.

The experimental platform integrates a PX4-based UAV with the OptiTrack motion capture system, where
Primel3 cameras, featuring 12-meter working distance, = 0.2 mm accuracy, 240 FPS global shutter capture,
and real-time data transmission, track the UAV’s markers using CPU-efficient grayscale processing algorithms.
Captured data is transmitted via a switch to a Windows computer running Motive software, which calculates
the UAV’s real-time 6DOF pose and sends it over a mesh network to an Ubuntu-based host computer. There,
ROS uses the vrpn_client ros package to receive this data, enabling the PX4 flight controller to generate motor
commands for closed-loop control, synchronized with the desired trajectory information received concurrently.
This seamless integration ensures sub-millimeter positioning accuracy and low-latency feedback, critical for

validating advanced navigation algorithms in indoor environments.

2.5. UAV experimental platform construction and debugging
For frame construction and motor pre-installation, the four motors are initially mounted in a downward orientation.
This configuration reserves sufficient upper space for critical components, including the flight controller, onboard
computer, and LiDAR, while also providing enhanced protection for these devices. The 977 KV motors are
paired with 9.5-inch three-blade propellers, achieving a power efficiency of 67 g/W under the preset load, which
significantly extends flight endurance. A large capacitor is connected in parallel with the ESC to absorb surge
currents generated during motor operation, thereby preventing component damage and filtering battery input
voltage to stabilize the power supply. The three-phase wires of each brushless motor are soldered with uniform and
complete joints to avoid sparking under high-current conditions, as illustrated in Figure 1(a).

Subsequently, the power distribution board (PDB) is installed, and the wiring harnesses are soldered. The
12V voltage regulation output of the PDB is used to power the onboard computer, while peripherals such as the
data link and LiDAR are supplied directly through the battery voltage pads. The flight controller is powered via a
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dedicated 5V step-down module. All adapter and peripheral power cables are soldered as shown in Figure 1(b).
Next, the flight controller shock mount and flight controller are installed. As the flight controller integrates an
Inertial Measurement Unit (IMU), vibration isolation is essential to attenuate high-frequency frame vibrations.
This ensures accurate acquisition of acceleration and angular velocity data, as depicted in Figure 1(c). Finally,
system modules, including the onboard computer and data link, are installed and fully wired, as shown in Figure
1(d—e). An aluminum-foil electromagnetic shield is applied to the bottom of the onboard computer to reduce
electromagnetic interference affecting the flight controller sensors. The completed experimental platform is
presented in Figure 1(f).

This section systematically details the platform design, component integration, and assembly procedures,
providing a robust technical foundation for algorithm validation in indoor navigation research. The system
architecture emphasizes modularity, vibration suppression, and real-time control capability, with experimental

results demonstrating reliable performance.

i . e /
(e) Data link installation () Complete UAV experimental platform

Figure 1. UAV experimental platform debugging.

3. UAV experimental platform debugging

After completing the hardware assembly of the UAV, the flight controller parameters are configured using the
QGroundControl (QGC) ground station, as shown in Figure 2. The configuration process includes flashing the
firmware, selecting the airframe type, calibrating onboard sensors, mapping the remote controller, setting flight
modes, verifying motor order and rotation direction, configuring failsafe mechanisms, and establishing MAVLink
and serial communication with the flight controller. Upon completion of these steps, PID tuning is conducted for
both the attitude control loop and the position control loop.
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Figure 2. QGC ground station parameter configuration interface.

The UAV is then secured on a tuning stand that allows free rotation along the roll, pitch, and yaw axes, as
illustrated in Figure 3. PID tuning is first performed for the attitude control loop. The PID Tuning interface in
QGC is used to observe and analyze the controller response curves. The roll, pitch, and yaw axes are tuned using
the same procedure. Taking the pitch axis as an example, the PID controller parameters MC PITCH P, MC
PITCH_RATE K, MC PITCH RATE D, and MC_PITCH_RATE 1 are adjusted to ensure that the real-time

response curve closely follows the commanded control input.

..

Figure 3. Attitude loop PID tuning.

The system response prior to tuning is shown in Figure 4. Although the response generally tracks the
command signal and exhibits a consistent overall trend, noticeable delays and oscillations are present, indicating

the need for further parameter optimization.

(a) Pitch Angle Response (b) Pitch Angular Velocity Response

Figure 4. Default PID pitch response curve.
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By appropriately increasing the proportional (P) gain, the response speed of the system is enhanced;
increasing the derivative (D) gain effectively suppresses excessive overshoot; and increasing the integral (I) gain
improves convergence stability. The response curve after tuning is presented in Figure 5. Compared with the pre-
tuning results, the tracking accuracy of both the pitch angle and angular velocity is significantly improved. The
actual response follows the commanded input more closely, while overshoot and high-frequency oscillations
are substantially reduced, resulting in a smoother and more stable system behavior. During large step inputs, the
response remains rapid without noticeable overshoot, and the steady-state behavior is stable. Although minor
fluctuations persist during certain intervals, the overall control performance is satisfactory. Only fine parameter
adjustments are required during subsequent flight tests to further optimize local response speed and smoothness.

heTi -

(a) Pitch Angle Response (b) Pitch Angular Velocity Response
Figure 5. Tuned PID pitch response curve.

Subsequently, PID tuning is performed for the position control loop. Controller parameters including MPC
XY P, MPC XY VEL P, MPC XY VEL D, and MPC XY VEL I are adjusted to ensure that the real-time
response curve (LOCAL POSITION NED) closely tracks the reference trajectory (POSITION TARGET
LOCAL_NED). The tuning process for the x-axis is taken as an example. The control response prior to tuning
is shown in Figure 6. When the target position changes abruptly, the velocity response (vx) exhibits significant
overshoot and sustained oscillations, indicating an excessively large proportional gain and insufficient damping.
Although the position response (x) eventually stabilizes, pronounced overshoot and rebound occur during the
transient phase, and the actual position deviates considerably from the target. This behavior suggests that the
integral gain may be too high or the derivative gain insufficient. Consequently, the system is prone to overshoot
and reverse motion during dynamic transitions, resulting in lag, oscillation, and slow convergence, and has not yet

reached a critically stable operating state.

(a) X Velocity Response (b) X Position Response

Figure 6. Default PID X-axis response curve.
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After adjustment, the overshoot of velocity control (vx) during abrupt target changes is reduced, the actual
response follows the target more closely, the oscillation time is shortened, the system converges faster, and the
stability is higher. The position control (x) responds smoothly, with the target and actual values almost coinciding,
reduced overshoot, and the system can reach the target position more quickly and accurately, with mitigated
oscillation and backswing phenomena. The adjusted system features faster response speed, improved accuracy,
enhanced stability, and smoother and more precise control effects, as shown in Figure 7.

(a) X Velocity Response (b) X Position Response

Figure 7. Tuned PID X-axis response curve.

After completing the PID debugging, a battery life test was carried out. The UAV took off when fully charged
(25.2V), hovered in the fixed-point mode for 2 minutes, and then landed. The ulog flight log file was exported,
imported into the PlotJuggler software for analysis. The average value of the throttle channel output data (actuator
outputs.00/outout.02) was calculated when the altitude data (distance sensor/current distance) was stable, and the
percentage was calculated. The test situation is shown in Figure 8. From the test results, it can be observed that
the hover throttle of the UAV on this experimental platform is 35.9%. Under the same full-charge condition, the
battery life test of the UAV was carried out. The time from takeoff to the UAV automatically landing due to low
power was about 15 minutes, meeting the battery life requirement.

To sum up, the UAV experimental platform uses a 400 mm wheelbase full carbon fiber frame, T-motor cine77
KV977 motor, equipped with 9.5-inch three-blade propeller, 80A four-in-one electronic speed controller, and 6000
mah 6s Grep battery. The total weight after assembly is 2.7 kg, the hover throttle is 35.9%, and the battery life is
15 minutes. The flight effect can fully meet the experimental needs.

T
hl r i b ﬂw“ itk *Jjﬁ“ﬂv““”fw.! *W?T‘M“ﬂf 1"%‘*%”*1%\

Figure 8. Throttle curve in position mode.
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4. Experimental environment setup

4.1. Experimental system overall framework diagram

In this experiment, an indoor positioning system was first constructed, where an infrared high-speed camera
transmits captured data to a Windows computer installed with Motive software, and the data is then sent in
real time via a data link and mesh networking to the Robot Operating System platform running on the Ubuntu
system. Within ROS, a trajectory planning algorithm is programmed and implemented, and the generated control
commands are transmitted to the flight control system through serial communication using the MAVLink protocol,
autonomous flight is thus achieved through the execution of control algorithms, while the ROS node publishes the
UAV’s pose and velocity commands to the corresponding pose and velocity topics, completing the flight control
closed loop via inter-node communication, as illustrated in Figure 9. For this experiment, the environmental space
was built using the experimental system framework of a quadrotor UAV. Figurel0(a) epicts the motion capture
system, within whose capture area the UAV’s actual flight space is confined. Reflective marker points were affixed
to the UAV, a rigid body was created in Motive software, and the UAV’s position data was then streamed.

Motion capture
cameras
Y
@itch Data transmission Upper
airborne terminal computer

A ——————

CI e | MAVLink
conpmunication

MAITISK

PWM control
UAV position Flight signal

information (motion network

caplure system)

controller

Figure 9. Experimental system overall framework diagram

Obstacles were set up to simulate an indoor environment. As shown in Figure 10(b), Scene 1 replicates a
conventional indoor scenario: the UAV takes off from Point A, autonomously plans a trajectory to bypass two
pillar-shaped obstacles, and finally reaches the designated Point B, this setup is designed to test the algorithm’s
obstacle avoidance capability in typical indoor environments. As shown in Figure 10(c), Scene 2 simulates a
narrow passage scenario (e.g., indoor windows); the UAV is required to take off from the front of the obstacle,
pass through the small gap illustrated in Figure 10(c), and land at the designated point behind the obstacle, which
is intended to test the algorithm’s ability to navigate through narrow spaces. Power on the UAV and wait for
the onboard equipment to initialize. Termius software is used to establish an SSH connection with the onboard
computer to verify the publishing frequency of the /local position/pose topic. The UAV is then manually moved to
observe whether the X-, Y-, and Z-axis data change correctly, thereby validating the coordinate system consistency,
as shown in Figure 10(d). Finally, a takeoff test is conducted in position-hold mode to evaluate whether the UAV

can maintain stable fixed-point hovering.
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(a) Figure Motion Capture System (b) Scene 1

(c) Scene 2 (d) Figure: XYZ Axis Data

Figure 10. Test environment.

4.2. Indoor scene obstacle avoidance experiment

To verify the obstacle avoidance performance and stability of the path planning algorithm in real-world
environments, the experiment conducted 10 repeated flight tests on the premise of ensuring the UAV take-off
point was strictly aligned with the coordinate system. In each experiment, the UAV was required to independently
traverse obstacles and finally reach the preset target point. The system dynamically updated the path and map
based on real-time environmental perception data, and triggered the path replanning mechanism when necessary
to adapt to sudden obstacles or environmental changes in the path. As shown in Table 2, the UAV successfully
completed the task in all 10 experiments, accurately reaching the set destination each time, demonstrating a
high task completion rate and path execution stability. The experiment duration ranged from 23.5s to 30.6s, with
an average task completion time of 26.48s, indicating that the overall planning efficiency of the system was
acceptable, though there were still cases of prolonged task execution time under specific conditions.

In all experiments, path replanning was triggered only once during the 6th flight: the system successfully
detected obstacle risks in the path, constructed a new feasible trajectory based on the current environment, and the
UAV completed the remaining flight tasks according to the new path without task failure or flight interruption.
This indicates that the algorithm has certain robustness in coping with local obstacles or dynamic path changes. No
path replanning occurred in the remaining 9 experiments, proving the high rationality of the initial planned path.

Table 2. Experimental results

Number of experiments Experimental duration Number of re-plannings during obstacle traversal = Experimental results

1 27.8s 0 Reach the preset point
2 25.3s 0 Reach the preset point
3 27.5s 0 Reach the preset point
4 26.3s 0 Reach the preset point
5 26.8s 0 Reach the preset point
6 30.6s 1 Reach the preset point
7 25.4s 0 Reach the preset point
8 26.3s 0 Reach the preset point
9 23.5s 0 Reach the preset point
10 25.3s 0 Reach the preset point
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5. Conclusion

For real-world experimental validation and performance evaluation, a complete UAV experimental platform was
built. Leveraging an upper computer based on RK3588, a depth camera, and a high-precision motion capture
system, the algorithm was deployed on the onboard computer to realize autonomous flight missions. Two scenario
tests, indoor planning simulation and window-traversal planning, were conducted, and the experimental results
demonstrated that the algorithm can effectively handle obstacles and narrow passage environments, meeting the
practical application requirements in terms of real-time performance and robustness. The experimental data further
confirmed the effectiveness of the integrated scheme (combining vision-aided dynamic mapping and receding
horizon prediction) in enhancing the safety of UAV autonomous navigation and improving planning efficiency. In
the broader context of UAV indoor intelligent navigation research, this study’s exploration of lightweight and real-
time algorithms provides a valuable summary for multi-rotor UAV applications, offering guidance for algorithm
selection in scenarios such as warehouse logistics, underground pipeline inspection, and disaster rescue in complex
buildings. Despite the algorithm’s proven advantages in indoor path planning, limitations remain, particularly in
the in-depth understanding of more advanced path planning methodologies. Future research will focus on three
directions as follows:

(1) The organic integration of data-driven approaches (e.g., deep learning and reinforcement learning) with

the current gradient-based optimization method;

(2) In-depth investigation of multi-UAV collaboration and dynamic obstacle prediction;

(3) Research on real-time scheduling mechanisms in edge computing environments.

These efforts aim to enable UAVs to achieve autonomous and stable flight in even more complex indoor

environments.
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Abstract: Consensus mechanisms are fundamental to blockchain systems, ensuring that distributed nodes agree on the
validity of transactions and data. However, performance bottlenecks, particularly those related to throughput, latency, and
node selection, have increasingly constrained the scalability of modern blockchain deployments. To address these issues,
this paper proposes NI-HotStuff, a reputation-driven committee-based BFT consensus framework built upon the HotStuff
protocol. A CatBoost-based reputation model is introduced to learn and evaluate historical behavioral features of nodes,
enabling quantitative reputation scoring. A hardware-aware bidding mechanism is further incorporated to dynamically
compute each node’s bid value and integrate it with its reputation score, thereby prioritizing stable and high-performance
nodes for consensus participation. Moreover, a committee mechanism is established in which a set of committee nodes
were selected from the candidate pool, and only committee members participate in the consensus process, reducing
redundant communication and mitigating the performance drag caused by weak nodes. On top of that, a leader-selection
strategy based on reputation values and inter-view time intervals is designed to prevent low-reputation or potentially
malicious nodes from frequently becoming leaders. Experimental results demonstrate that NI-HotStuff significantly
outperforms traditional PBFT and HotStuff in terms of communication overhead, consensus latency, and system

throughput, with particularly notable improvements in small- and medium-scale node environments.
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1. Introduction

In 2008, Satoshi Nakamoto launched the era of digital currencies driven by blockchain technology through the
seminal work “Bitcoin: A Peer-to-Peer Electronic Cash System” !'. As a decentralized and tamper-resistant
distributed ledger based on chained data storage, blockchain integrates multiple fundamental technologies,
including distributed storage, peer-to-peer communication, consensus mechanisms, and cryptography . By
continuously appending blocks that record transactions and information, blockchain ensures data security,

transparency, and trustworthiness. Today, it has become an essential component of the modern digital economy,
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with applications spanning finance, healthcare, logistics, supply chain management, and many other domains. A
schematic diagram of blockchain-based traceability is shown in Figure 1. However, as blockchain is increasingly
deployed in practical scenarios, improving system performance, particularly the efficiency of consensus, has
emerged as one of the core challenges in its technological development .
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Figure 1. Diagram of blockchain-based traceability scenarios.

Consensus mechanisms constitute the core of blockchain systems, ensuring that all distributed nodes reach
agreement on the validity of transactions and data. Commonly used consensus algorithms include Proof of Work
(PoW), Proof of Stake (PoS), and Practical Byzantine Fault Tolerance (PBFT) ). PBFT has been widely adopted
in private and consortium blockchains due to its strong fault tolerance and high security . However, as the
number of participating nodes increases, the communication overhead and latency of PBFT grow rapidly, limiting
its scalability and applicability in large blockchain networks. To address these challenges, the HotStuff protocol
introduces an optimized design. HotStuff employs pipelined execution and simplified signature aggregation to
reduce communication rounds among nodes, thereby significantly improving consensus efficiency .

Nevertheless, HotStuff still faces bottlenecks in node selection, leader election, and its overall consistency
protocol. To mitigate these issues, a variety of enhancements have been proposed in the literature ”'. Some work
introduced a novel view-change mechanism that optimizes leader rotation, reducing both communication overhead
and delay during leader transitions, and enabling rapid and effective leader replacement when failures occur .
This design improves consensus efficiency and enhances overall system performance. Another study proposed
the Sync HotStuff protocol, which removes the traditional lock-step execution constraints in synchronous
BFT systems and adopts a two-phase leader-driven structure that enables replicas to advance the next round of
consensus without waiting for the previous commit . This significantly reduces latency bottlenecks and improves
throughput in synchronous BFT settings. Furthermore, it was introduced that weighted voting and an enhanced
leader-rotation strategy, yielding substantial improvements from vote distribution to leader replacement within the
HotStuff framework "\
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To address the limitations of HotStuff in node selection and leader election, this paper proposes NI-HotStuff,
a reputation-driven committee-based BFT consensus framework. The main contributions are as follows:

(1) Construct a reputation evaluation and node classification module that generates dynamic reputation scores
for all nodes based on their historical behavior features using the CatBoost model;

(2) A node bidding mechanism is introduced to dynamically compute each node’s bid value by combining
its hardware resources with its reputation score. This mechanism enables the system to select well-
provisioned nodes for consensus participation, thereby reducing the involvement of low-performance
nodes and improving both fault tolerance and overall consensus efficiency;

(3) A committee formation and leader-selection strategy is designed. From the candidate set with reputation
scores above a minimum threshold, committee members are selected through weighted random sampling,
and only committee nodes participate in the consensus process. Within the committee, the leader is
dynamically chosen based on both node reputation and inter-view time intervals, preventing malicious or
low-reputation nodes from frequently serving as leaders and enhancing the fairness, stability, and overall
efficiency of the consensus protocol.

2. Related work
2.1. PBFT algorithm

The Byzantine Generals Problem was introduced by Lamport ef al. to describe the consensus challenge faced
by distributed systems in the presence of malicious nodes "', To address this issue, Castro et al. proposed the
PBEFT algorithm, which aims to ensure that all nodes can reach agreement even in Byzantine environments. The
core objective of PBFT is to guarantee consistent consensus despite the presence of faulty or adversarial nodes.
Specifically, in a blockchain network with n nodes, the system can tolerate up to f Byzantine nodes, where f/~(n-
1)/3. The PBFT algorithm proceeds through several phases, and the overall consensus workflow is illustrated in
Figure 2 and as follows:

(1) Request phase: The client sends a request to the primary node and waits for a response;

(2) Pre-prepare phase: Once the primary node receives the client request, it generates a unique identifier and
creates a proposal for the request. The proposal is then broadcast to all replica nodes;

(3) Prepare phase: Upon receiving the pre-prepare message, each replica generates a prepare message
and broadcasts it to all nodes. When a node receives more than 2f matching prepare messages that are
consistent with the pre-prepare message, it proceeds to the commit phase;

(4) Commit phase: The node generates a commit message and broadcasts it to all other nodes. When it
receives more than 2f matching commit messages that correspond to the same pre-prepare message, it
sends a response to the client;

(5) Reply phase: When the client receives more than f matching responses, it concludes that the transaction
has been successfully completed.
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Figure 2. PBFT consensus process.

2.2. HotStuff algorithm

HotStuff is an improved Byzantine Fault Tolerant consensus protocol that operates in an environment similar
to PBFT but maintains system state using a tree-structured architecture rather than a traditional log-based
structure. Meanwhile, HotStuff extends the traditional two-phase commit procedure into a three-phase commit
pipeline, reducing the communication complexity of view change from to and thereby significantly lowering the
communication burden as the system scales. By adopting a one-to-many message dissemination pattern, HotStuff
effectively compresses communication overhead and completes consensus within a single view "'*. Each view is
associated with a unique, monotonically increasing view number and is coordinated by a designated leader. Upon
completing a view, the system automatically progresses to the next one. If the current leader behaves maliciously
or becomes faulty, a new leader takes over after a view timeout and continues the consensus process. Unlike
PBFT, HotStuff embeds the view-change mechanism within every round of consensus, rotating the leader after
each committed block. The overall workflow proceeds through three phases, prepare, pre-commit, and commit.
In each phase, the leader must collect at least n-f replica votes to form a quorum certificate (QC), which serves as
proof of intermediate agreement. The execution of the algorithm consists of the following stages, and the complete
consensus process is illustrated in Figure 3 and as follows:

(1) Prepare phase: The new leader first collects n-f NEW-VIEW messages from different replicas and extracts
the prepareQC with the highest view number as the base branch (highQC). The leader then constructs
a leaf node containing the client command at the end of the current branch and broadcasts a prepare
message containing the proposal details to all replicas. Each replica verifies the validity of the proposal,
and if it satisfies the branch extension rules, it sends a prepareVote to the leader;

(2) Pre-commit phase: When the leader successfully aggregates n-f prepareVote messages, it forms the
prepareQC and broadcasts the pre-commit message. After receiving this message, each replica confirms
that more than 2freplicas have approved the proposal, updates its local prepareQC bstatus, and sends back
a commitVote to advance the protocol;

(3) Commit phase: The leader must collect n-f preCommitVote messages to generate the preCommitQC. After
verifying this certificate, each replica marks the branch of the current proposal as a stable state (updating
its lockedQC) and sends a commitVote to the leader, indicating its agreement to commit the proposal;

(4) Decide phase: After obtaining n-f commitVote messages, the leader generates the final commitQC and
broadcasts the decide message. Replicas confirm that the proposal branch now satisfies commit rules
and execute the client command stored in the leaf node. Once the command is executed, all replicas

automatically trigger the view transition and proceed to the next consensus round.
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2.3. CatBoost model

CatBoost is an ensemble model based on Gradient Boosting Decision Trees, with its most distinctive feature
being its method of handling categorical features " Traditional gradient boosting decision trees typically require
categorical features to be converted into numerical features, such as one-hot encoding or label encoding "*"”. In
contrast, CatBoost adopts a specialized ordered-boosting algorithm that enables direct processing of categorical
attributes without the need for explicit transformation, making it particularly suitable for solving classification
problems ", By applying the CatBoost algorithm, a node classification model can be constructed to categorize
nodes on the blockchain into different classes. The details are as follows:

Given a dataset with m features ¢=<x,,x,,...x,>> and label §, a training set 7" with n samples can be formed
as T={[¢,,0,].[¢,0,],...[0,,0,]}. The CatBoost algorithm performs iterative optimization, where each iteration
constructs a model that minimizes the loss function using gradient boosting decision trees. After k rounds of
boosting, the optimal weak learner 4, for the final iteration is obtained, and all weak learners from each iteration

are combined to form the final predictor F,. As shown in Equation (1):

Fk:Fk_l-I'(lhk (1)

hi = argmin ) Bil (v Fis () + he(x)
i=1
Here, a is the learning rate, which controls the update step size of the model parameters in each boosting

iteration. The operator min denotes the minimization of the objective function, f; represents the sample weight, and
L() is the loss function used to measure the deviation between the true value and the predicted value of a sample.
The term F,(x;)*+h,(x;) denotes the output of the k-th learner for the input x;,.

For the multi-class classification task in this study, the multinomial cross-entropy loss function is adopted,
which is derived from the concept of categorical cross-entropy, defined as

N
L(yyp) =— Z yilog (p) )
i=1

Here, N denotes the number of classes, y; represents the probability distribution of the true label, and p,
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represents the probability distribution output by the model.

2.4. Bidding mechanism

The bidding strategy refers to a class of methods in which participants acquire specific resource access rights or
benefits by submitting competitive bids based on their own resource valuations and actual demands during the
resource allocation and decision-making process "'\, In traditional bidding mechanisms, participants typically
consider factors such as initial investment cost, risk preference, and the expected value fluctuations of target
resources to determine a reasonable bid. At the same time, participants may engage in strategic interactions and
competition, requiring them to assess and anticipate possible bidding behaviors of others and adjust their own
strategies accordingly to improve their chances of obtaining the desired resources or services.

Bidding strategies have been widely applied across various domains "**". In the energy management sector,
power companies and users utilize bidding schemes to complete electricity trading and scheduling, thereby
increasing energy utilization efficiency while reducing operational costs. In the transportation domain, vehicles
can obtain preferential passage rights or facility usage rights through reliable bidding to optimize traffic flow and
improve the allocation efficiency of transportation resources, easing congestion to some extent. In the field of data
sharing and privacy protection, bidding allows participants to negotiate data access rights and usage permissions,
enabling controlled and secure data exchange. Furthermore, in Internet-of-Things environments, intelligent
devices can dynamically allocate bandwidth and storage resources through bidding, thereby enhancing system
responsiveness and improving overall performance. Therefore, introducing bidding mechanisms into blockchain

consensus provides new perspectives and support for node selection and resource allocation.

3. NI-HotStuff algorithm

To address the issues in the traditional HotStuff protocol, such as the randomness of node selection, the delayed
handling of primary node failures, and the reduced consensus efficiency in the presence of malicious nodes,
this paper proposes a reputation-driven committee-based BFT consensus framework, named NI-HotStuff. The
proposed framework establishes a reputation evaluation and node classification module, which models historical
node behaviors to generate dynamic reputation scores, forming a basis for subsequent committee selection and
primary node determination. Building on this foundation, the algorithm incorporates hardware resource indicators
and reputation scores to design a dynamic bidding mechanism that comprehensively assesses each node’s bidding
value. This mechanism ensures that only high-performance nodes participate in the consensus process, thereby
reducing interference from low-capacity nodes and improving overall system efficiency. Furthermore, NI-HotStuff
introduces a primary-node selection strategy based on reputation scores and time intervals. When the primary node
fails or exhibits Byzantine behavior, the protocol can quickly determine a new primary node through reputation-
based ranking and priority adjustment, ensuring the continuity and stability of consensus. Before consensus begins,
NI-HotStuff performs preprocessing on all participating nodes, collecting and organizing behavioral data to train
the reputation model. After consensus starts, the protocol follows the consistency procedure described in Section 3.1
to ensure the integrity and correctness of blockchain data.

3.1. Node identification mechanism

In the HotStuff protocol, the primary node is typically selected through a fixed round-robin mechanism based
on the view number. This rotation strategy helps mitigate the risk of single-point failure and improves fairness
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and robustness to some extent ', However, as the network scales, the communication overhead among nodes
increases significantly, and fundamental factors such as hardware capability and network conditions can further
influence the overall performance of HotStuff. Since the primary node is responsible not only for proposing
and broadcasting blocks but also for performing additional bookkeeping operations, selecting an unreliable
or Byzantine node as the primary may compromise the security of the consensus process. To address these
challenges, NI-HotStuff integrates a CatBoost-based model along with a bidding mechanism to optimize primary
node selection. By ranking candidate nodes through a comprehensive scoring scheme, the algorithm prioritizes
stable and high-performance nodes for participation in consensus, thereby reducing the likelihood of Byzantine

nodes being elected and effectively alleviating communication overhead within the network.

3.1.1. Node competitive value assessment

Under similar conditions, nodes equipped with superior computing and storage resources can process transactions,
message broadcasting, and other consensus operations more efficiently, exhibiting faster execution speed and
higher processing throughput. Meanwhile, their lower probability of hardware failure provides better stability
and resilience against risks. Based on this observation, the NI-HotStuff algorithm introduces a node bidding
mechanism into the reputation evaluation process, treating basic resource allocation as an important weighting
factor. Before entering each consensus round, nodes submit a bidding value according to their computational and
storage capabilities. A higher bidding value not only reflects a node’s greater willingness to contribute resources to
the consensus process but also increases the likelihood of obtaining a higher reputation score, thereby improving
the potential of being selected as the primary node.

In this paper, considering node attributes and interaction characteristics, three key indicators, CPU core count,
available storage capacity, and network bandwidth, are selected to measure a node’s basic resource level. When a
node first joins the network, its maximum available resources are recorded as the basis for subsequent reputation
evaluation and the bidding process. Since these indicators differ in magnitude, we adopt normalization to ensure
comparability. The normalized value is obtained using Equation (3), where x denotes the original metric value and
x'represents the normalized result:

x — min(x)
- max(x) — min(x) 3)

After normalization, the bidding value of each node is computed using Equation (4). Specifically, B;
denotes the bidding value of node i; ¢, s, and b, represent the number of CPU cores, available storage capacity,
and network bandwidth of node i in the current consensus round, respectively. The parameters a, B, and y are the
weight coefficients corresponding to CPU cores, available storage, and bandwidth, and they satisfy a+p+y=1.

These weights can be dynamically adjusted according to practical system requirements.

Bi=a-c;+pB-s;+y-b 4)

3.1.2. Node reputation score assessment

Before constructing the node identification model, a large number of predefined node samples are first introduced
into the blockchain system in a balanced manner, during which the system extracts and transforms node features
to obtain the corresponding characteristic values. To ensure the completeness of feature extraction, the system

assigns an initial reputation value to each node and categorizes them into high-reputation, medium-reputation,
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and low-reputation nodes according to their reputation levels. The correspondence between node categories and
reputation values is shown in Table 1. During the identification phase, high-reputation nodes are generally capable
of efficiently completing tasks such as block exchange and broadcasting, thus improving system verification and
consensus performance. Medium-reputation nodes behave similarly to high-reputation nodes but may occasionally
exhibit slight deviations that remain within an acceptable range. In contrast, low-reputation nodes often exhibit
unfavorable behaviors, such as delayed responses or frequent timeout events, which may adversely affect system
consensus efficiency and security.

Table 1. Reputation classification criteria for nodes

Node category Reputation value
High-reputation node r,>0.7
Medium-reputation node -0.5<r,<0.7
Low-reputation node 7, <=0.5

Note: denotes the reputation value of node i.

The definitions of the four feature attributes are given as follows:
(1) Definition 1: Heartbeat detection, which measures whether a node is online and its responsiveness. It is

defined as:

. T

where r; denotes the number of successful heartbeat responses received from node during the observation

period, and ¢, represents the total number of heartbeat requests sent to node 7.

(2) Definition 2: Node contribution, which reflects the node’s activity level and assigns higher weights to
recent participation through time decay. It is defined as:

Cei) = Si
0= i3z (©6)

where s; refers to the number of successful consensus completions by node i during the observation period, ¢,
is the total number of consensus rounds that node i participated in, and « is a smoothing factor.

(3) Definition 3: Delay index, which reflects the node’s delay performance during communication. It is
defined as:

_ 1
1+

Lmax

where [; is the average round-trip latency of node i, and L, denotes the maximum allowable latency in the

max

system.

(4) Definition 4: Network utilization, which reflects the usage condition of the node’s network resources. It is

defined as:
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~_ b
u@ = E 1-p) (8)

where b; is the average effective bandwidth usage of node i, B, is its available bandwidth capacity, and pi
denotes the average packet loss rate of node .

After training, the CatBoost model is deployed into the operational environment. At the end of each
consensus round, behavioral and performance data are collected for each node, and corresponding feature values
are computed and broadcast to all nodes. Based on the accumulated feature entries for each node, the CatBoost
algorithm performs classification and identification. Furthermore, these features are not only used as classification
inputs but also form the feature set for each consensus round. The updated reputation values from the previous
round are incorporated as inputs, enabling correction of historical reputation scores. In this manner, the model
reflects both long-term node stability and short-term dynamic changes, thereby providing more accurate references

for the overall reputation scoring mechanism.

3.1.3. Node comprehensive scoring mechanism
During node selection, relying solely on performance-based metrics to compute the bidding value can reflect a
node’s computing power, bandwidth, and storage resources, but it fails to capture the node’s overall reliability.
Similarly, although reputation values derived from behavioral features can effectively identify anomalous behavior
or malicious nodes, they overlook differences in hardware resources. Therefore, bidding values emphasize static
computational capability, whereas reputation emphasizes dynamic operational behavior, and neither alone offers a
complete evaluation. Thus, based on the two categories of metrics introduced earlier, this paper proposes a hybrid
evaluation mechanism that integrates the bidding value with the reputation score, thereby preserving both security
and performance to obtain a more representative node evaluation outcome.

To achieve this, we introduce a cross-round dynamic reputation update mechanism. The reputation value of
node 7 in round t is defined as:

RE=6 RV 4+ (1-8) f(XD) 9)

where R! is the reputation value from the previous round, and f(X}) is the reputation score computed using
this round’s behavioral feature set (including heartbeat detection, node contribution, delay index, and network
utilization). The parameter 6 € (0,1) is a smoothing factor that balances long-term and short-term behavior,
preventing extreme oscillations caused by temporary performance fluctuations.

Based on this, the comprehensive evaluation score of node i is computed as:
SE=X-RE+ (-2 B; (10)

where B, denotes the bidding value derived from the node’s CPU cores, storage capacity, and available
bandwidth, and A is the weight factor.

Through this evaluation method, the final score not only accounts for the node’s fundamental hardware

resources but also incorporates its accumulated reputation across rounds, enabling a more holistic node assessment.
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3.2. Consistency protocol optimization

Although the HotStuff protocol significantly reduces communication complexity compared with PBFT, in practical
deployments it still requires all nodes to participate in consensus, which leads to additional overhead and increases
the risk of communication failures. Therefore, NI-HotStuff introduces a committee-based mechanism at the
consistency layer. By computing the comprehensive score of each node using the reputation evaluation model and
setting a minimum threshold S,,;,, only nodes whose scores exceed this threshold are included in the candidate set
C. To ensure the quality and controllable size of the candidate set, this paper adopts a Top-M selection rule: in the
t-th round, nodes are sorted in descending order according to their comprehensive score S¢, and the top M nodes
are selected to form C,, where M=K+m ( K=3f+1, m is the redundancy, fixed as m=max(2,[0.2K])). The minimum
threshold S,

min

corresponds to the M-th highest score. If system fluctuations or abnormal score distribution cause
fewer than M nodes to satisfy the threshold, then all valid nodes are included in C,. In case of ties, the ordering
follows the previous-round ranking or the lexicographical order of node IDs. According to Byzantine fault
tolerance theory, in a blockchain system with #»>=3f+1 nodes, only when the committee size contains at least
3f+1 nodes can it guarantee that, even in the presence of up to f malicious nodes, any two quorums (each larger
than 2f+1) still have non-empty intersection with honest nodes, thus preventing consensus divergence. Hence, the
system adopts a weighted random sampling process to select a final committee of size n'=3/+1, denoted as K, and
only committee members participate in the consensus procedure.
The probability that node 7 is selected into the committee K is given by:

t
TS5

P(i€K) = (11)
2 e‘rS i
jec

where St denotes the comprehensive score of node i in the t-th round, which considers both its reputation
value and hardware resource capability. A higher score indicates that the node is more advantageous. The
parameter T is a tuning factor (temperature coefficient) used to control the preference intensity toward high-score
nodes; as T increases, the probability of selecting nodes with higher scores becomes larger. The denominator is the
sum of the exponential scores of all nodes in the candidate set C, used to normalize the probability and ensure that
the sum of the selection probabilities of all candidate nodes is 1.

Under this mechanism, nodes with higher comprehensive scores are more likely to be selected into the
committee, while a certain degree of randomness is preserved to maintain fairness. Meanwhile, by adhering to the
safety bound of BFT theory, the system guarantees security and liveness even under potential Byzantine behaviors.
Therefore, this mechanism effectively reduces unnecessary communication and computation overhead, improving

system reliability and consensus efficiency. The improved consistency protocol is illustrated in Figure 4.
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Figure 4. NI-HotStuff consensus process diagram.

3.3. Master node selection

In terms of leader selection, the algorithm recalculates and updates the comprehensive score of each node after
every consensus round, thereby refreshing the candidate committee. The priority of a node being selected as the
leader is determined by the committee based on its latest comprehensive score. This priority is correlated with the
score defined earlier and is also adjusted according to the time interval since the node last served as leader. Nodes
with higher recent scores and shorter leader intervals are more likely to obtain higher priority, which effectively
reduces the risk that a long-idle node becomes the leader and enhances the fairness and stability of the system. The

leader selection priority is defined as follows:
AT;

T, (12)

where S¢ denotes the comprehensive score of node i at round t, as defined in Equation 10. The term AT;

M; = St x

represents the time elapsed since node i last served as the leader, and 7, is a leader selection parameter set by the

system to adjust the effect of time intervals on the leader selection process.

Before leader selection, all nodes in the blockchain update their priority values. That is, after the previous
consensus round, each node’s comprehensive score is recalculated according to the reputation model introduced
earlier, and the new leader is selected based on the updated priority ranking.

4. Experiment and results analysis

This study develops a lightweight blockchain system using the Python programming language. The experimental
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environment is configured as follows: the hardware platform is equipped with an Intel® CoreTM 17-14700HX
CPU and 16 GB of RAM; the operating system is Windows 11 (64-bit); and the software environment uses
PyCharm. The PBFT, HotStuff, and NI-HotStuff algorithms are simulated and evaluated within this setup.

4.1. Communication overhead analysis

The communication overhead refers to the total number of messages generated during the consensus process.
NI-HotStuff adopts a committee-based two-phase pipeline (Prepare—Commit), where only a committee of size
M=3f+1 participates in intra-phase interactions. According to the phase design, the leader broadcasts once to
the committee in each phase, and each replica broadcasts one confirmation message. Therefore, the number of
messages in a single phase is 2(M-1), and the two phases generate a total of 4)-4 messages. When a view change
occurs, M-1 NEW-VIEW messages are introduced in each switch. After v view changes, an additional v(M-
1) messages are produced. Hence, the total communication overhead can be approximated as: 4M-4+v(M-1).
Compared with the original HotStuff, in which all N nodes participate in the three-phase process M, NI-HotStuff
reduces the number of participating nodes from to committee size , and reduces the number of phases from three
to two, thereby maintaining linear communication complexity O(M) while significantly decreasing constant factors

and practical communication overhead.

4.2. Latency analysis

In blockchain systems, consensus latency refers to the time interval from when a client initiates a request to when
the request is finalized. Under the same experimental environment, we conducted one-round consensus delay
tests for the NI-HotStuff algorithm and several other algorithms. The number of nodes was set to 80, 100, 120,
140, 160, and 180, respectively. Multiple experiments were repeated and averaged. The comparison results of
PBFT, HotStuff, and NI-HotStuff are shown in Figure 5. It can be observed that as the network scale increases,
the consensus latency of all three algorithms shows an upward trend, but to different extents. PBFT, due to its
communication complexity of O(n’), experiences rapidly increasing latency as the number of nodes grows, and at
180 nodes, the delay exceeds 2500 ms, indicating poor scalability. HotStuff reduces communication complexity to
O(n) through its three-phase chain-locking and threshold signature optimization, significantly decreasing latency
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Figure 5. Comparison of consensus latency.
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compared with PBFT and exhibiting a more gradual increasing trend overall. Building upon HotStuff, the NI-
HotStuff algorithm proposed in this work further reduces the impact of low-performance nodes and frequent
view changes through reputation evaluation and dynamic leader selection mechanisms. Therefore, NI-HotStuff
maintains the lowest delay across all network sizes, achieving more than a 50% reduction compared with PBFT
and a further 15-20% improvement compared with HotStuff, demonstrating superior performance and stability in
complex network environments.

4.3. Throughput analysis

The throughput refers to the number of tasks or requests that the system can process per unit of time, which is
generally used to measure the speed and transaction-handling capability of blockchain systems. It is usually
expressed in TPS (Transactions Per Second), and its calculation formula is:

TPS = Transactionyy /AT (13)

where Transactionar denotes the number of transactions, and AT represents the time required to complete
these transactions.

Under the same experimental settings with equal numbers of nodes and equal transaction loads, the
throughput of the NI-HotStuff algorithm and several other algorithms is tested. The number of nodes is selected
as 80, 100, 120, 140, 160, and 180, with the number of transactions set to 10. The throughput comparison results
are shown in Figure 6. From the experimental results, it can be observed that with the increase in network size,
the throughput of the three algorithms declines, but the rate of decline differs. PBFT suffers from communication
complexity O(n®), causing throughput to drop sharply when the number of nodes exceeds 100 TPS, revealing
a severe scalability bottleneck. HotStuff improves throughput by reducing communication complexity and
outperforms PBFT across all scales. Meanwhile, the proposed NI-HotStuff algorithm achieves higher processing
capability than HotStuff, with an improvement of over 25% in small-scale networks and potentially maintaining
an advantage of about 10% in large-scale settings, demonstrating its efficiency and adaptability.
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5. Conclusion

To address the issues of arbitrary node selection, insufficient handling of faulty primary nodes, and performance
degradation in the presence of Byzantine nodes in the traditional HotStuff consensus algorithm, this paper
proposes a reputation-driven committee-based BFT consensus framework, termed NI-HotStuff. The proposed
method first evaluates node reputation using a CatBoost model and incorporates competitiveness-based
quantification of hardware resources to derive a weighted composite score for node selection. Meanwhile, a
committee mechanism is introduced, where nodes whose reputation values exceed the minimum threshold form
the candidate set, and a weighted random sampling strategy is employed to select the committee members.
Only committee nodes participate in the consensus process, effectively reducing redundant communication and
lowering system complexity. Furthermore, the algorithm designs a dynamic primary node selection strategy based
on node reputation and time intervals, prioritizing committee members with high reputation and less frequent
prior leadership, thereby significantly reducing the probability of low-performance or malicious nodes taking
the primary role. Experimental results demonstrate that NI-HotStuff outperforms PBFT and HotStuff in terms
of communication overhead, consensus latency, and system throughput, validating its higher efficiency and
scalability while ensuring security and fairness.
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Abstract: In recent years, fault diagnosis methods based on convolutional neural networks (CNNs) have garnered
significant attention in the field of rotating bearing fault diagnosis. Addressing the challenge of extremely limited fault
signal samples, this paper proposes a small-sample bearing fault diagnosis method based on multi-image fusion and a dual-
attention mechanism incorporating multi-scale dynamic residuals. This method first converts the fault signal into a two-
dimensional image through continuous wavelet transform and Gram angle field (GASF/GADF), thereby transforming
the fault diagnosis problem into an image feature learning problem. The model extracts basic features through the initial
convolutional layer and sequentially learns deep features via multi-scale dynamic residual blocks and dual attention
mechanisms. Among these, the multi-scale architecture captures features across different receptive fields through parallel
convolutional branches, while the dual attention mechanism performs feature recalibration in both the channel and spatial
dimensions. Experimental results demonstrate that the proposed method achieves an accuracy rate of 97.47% in bearing
fault diagnosis tasks, representing a significant improvement over traditional CNN models. This validates the model’s

effectiveness and superiority in complex fault diagnosis scenarios.

Keywords: Fault diagnosis; Convolutional neural networks; Continuous wavelet transform; Gram angle field; Channel
attention mechanism; Spatial attention mechanism; Rolling bearing fault; Multiscale residual blocks
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1. Introduction

As the core carrier of modern industrial production, mechanical equipment directly impacts a company’s
production efficiency and operational costs. Its health status has become crucial for ensuring the efficient operation
of industrial systems. Rolling bearings, indispensable mechanical components within such equipment, support
rotating shafts and their attached parts. Serving as the core elements of precision mechanical transmission systems,

rolling bearings comprise a coordinated working system consisting of four major components: the inner ring, outer

28



ring, rolling elements, and cage "', The inner ring is rigidly connected to the rotating shaft via an interference fit.
Its precision-machined outer raceway forms a dynamic contact surface with the rolling elements, transmitting shaft
system loads to the rolling elements. The outer ring provides support and constraint through the bearing housing.
Its inner raceway forms a relative motion path with the inner ring, with load distribution optimized through
geometric parameter adjustments. However, rolling bearings also face risks of various potential defects such as
wear and fracture. Once these issues manifest, they severely impair normal equipment operation, not only causing
significant economic losses but also posing serious threats to personnel safety %,

Signals used for rolling bearing fault diagnosis include acoustic emission signals, vibration signals,
temperature signals, and current signals, among others ™. Tao er al. converted one-dimensional raw vibration
signals into two-dimensional time-frequency maps via short-time Fourier transform as input for a classification
generative adversarial network (GAN). Leveraging the unsupervised clustering capabilities of this GAN, they
achieved rolling bearing fault diagnosis ”. Han ef al. proposed a fault diagnosis model based on the fusion of
multi-level wavelet packets and a dynamic ensemble convolutional neural network (DECNN). A multi-level
wavelet coefficient matrix was constructed via wavelet packet transform to comprehensively represent non-
stationary vibration signals "*. Xia ef al. combined vibration signals collected from multiple sensors of the same
type at different locations into a two-dimensional matrix, which served as input for a 2DCNN model to identify
faults in rolling bearings and gearboxes "”'. Jiao et al. proposed a complementary data-driven deep coupled dense

convolutional network (CDCN) model for planetary gearbox fault identification "\

2. Dataset selection and preprocessing

This study utilizes the bearing data set from Case Western Reserve University in the United States as experimental
data 'Y, The experimental setup is illustrated in Figure 1. The test bench comprises a 2 HP (2 horsepower) motor,

a torque sensor/encoder, a dynamometer, and control electronics (not shown in the figure).

Dynamometer

Torque Sensor

& Drive motor

Figure 1. Experimental setup table.

3. Multi-image fusion

As shown in Table 1 and Figure 2, in bearing fault diagnosis, faults cause signals to exhibit strong non-stationary
characteristics and cross-scale energy distribution differences. CWT characterizes the temporal location of impact
occurrence and its corresponding frequency band response through a combined time-frequency representation,
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highlighting local transient phenomena and multi-scale textures.

Table 1. System parameters

Label Fault location Image type Label Fault location Image type
0 Normal CWT 6 TR007 CWT
1 Normal GADF 7 TR007 GADF
2 Normal GASF 8 IR007 GASF
3 B007 CWT 9 OR007 @6 CWT
4 B007 GADF 10 OR007 @6 GADF
5 B007 GASF 11 OR007 @6 GASF

Figure 2. Multi-source images.

The wavelet energy map visually represents the energy distribution across different frequencies, where blue
indicates low energy density, green and yellow denote moderate energy levels, and red signifies high energy
content. The deeper the color, the greater the energy concentration. GASF depicts the consistency of shape/
phase across two time points. If the amplitude variation trends of the sequence are similar at both moments, the
corresponding GASF region will exhibit more consistent and continuous texture. GADF expression characterizes
the direction and differences in changes at two time points, exhibiting greater sensitivity to mutations, impact
edges, and upward/downward directions. Consequently, it tends to produce more pronounced texture contrasts
near the impact location. This paper achieves bearing fault localization by transforming time-frequency domain
signals into two-dimensional graphs via continuous wavelet transform and Gram angle field, which are then jointly
fed as input to a 2DCNN.

4. Model construction

This paper proposes a small-sample bearing fault diagnosis method (MSDR-DAM) based on a dual attention
mechanism that integrates multi-image fusion and multi-scale dynamic residuals. This model employs multi-image
fusion, multi-scale analysis, dynamic residual learning, and a dual attention mechanism, wherein the dual attention
mechanism comprises a channel attention mechanism and a spatial attention mechanism. This fault diagnosis
process first transforms the raw fault signal into a time-frequency feature map via continuous wavelet transform
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and Gram angular field transform as model input. It then extracts basic features through an initial convolutional
layer, followed by deep feature learning through multi-scale dynamic residual blocks and a dual self-attention
mechanism. where the multi-scale architecture captures features across distinct receptive fields through parallel
convolutional branches, while the dual attention mechanism enables feature recalibration at both the channel and
spatial dimensions. Next, a feature pyramid is constructed through two rounds of downsampling, progressively
expanding the receptive field while compressing spatial dimensions. Finally, global features are aggregated using
global average pooling, and a fully connected classifier outputs fault category probability. The entire training
process employs dynamic learning rate adjustment and gradient clipping optimization strategies to ensure model

convergence stability and optimal diagnostic accuracy. The overall model framework is illustrated in Figure 3.
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Figure 3. Overall framework of the model

4.1. Multi-scale dynamic residuals

The Multi-scale dynamic residual block is an innovative deep learning module whose core design philosophy
lies in organically integrating parallel multi-scale feature extraction with a dynamic weight fusion mechanism.
It processes input features through multiple parallel convolutional branches with distinct receptive fields and
introduces an adaptive attention mechanism to dynamically adjust the contribution of each branch. Architecturally,
the module comprises three parallel convolutional branches employing 1x1, 3x3, and 5x5 kernel sizes,
respectively. The 1x1 convolution focuses on inter-channel information exchange and feature reorganization,
the 3x3 convolution captures local spatial patterns, while the 5x5 convolution acquires a broader receptive field
to capture global contextual information. The core innovation lies in its dynamic weight generation mechanism,
mathematically expressed as follows:

W=Softmax(W,-GAP(X))
where W2 is the weight matrix for the 1x1 convolution and GAP denotes global average pooling.

The implementation first acquires global spatial information from input features via adaptive average

pooling, then compresses the channel dimension to the number of branches using 1x1 convolution to generate
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preliminary weights. Finally, the Softmax function ensures the sum of weights across branches equals 1, achieving
a probabilistic distribution. During forward propagation, the feature fusion strategy can be expressed as follows:
Y =Xwi - Fi(X),
where wi is the dynamic weight of the i-th branch and Fi(-) denotes the transformation function of the i-th
branch.

In the code implementation, the attention weight tensor is first generated. Then, the outputs of each branch are
weighted by their respective weights, and finally, the weighted outputs of all branches are summed. The residual
connection design adheres to the identity mapping principle, mathematically expressed as follows:

Z =ReLU(Y + G(X)),
where G(+) is the shortcut connection function.

When input and output channel dimensions match, it acts as an identity mapping; otherwise, it adjusts
dimensions via 1x1 convolution. This design ensures both smooth gradient flow and the integrity of feature

information.

4.2. Dual attention mechanism

This model employs a dual attention mechanism comprising two parallel branches: channel attention and spatial
attention. The channel attention branch first compresses the spatial dimension through a global average pooling
layer to extract channel-level statistical features. Subsequently, it utilizes a bottleneck structure composed of two
fully connected layers to facilitate information exchange between channels. It generates channel attention weights
via a sigmoid activation function, enabling adaptive recalibration across different feature channels. Simultaneously,
the spatial attention branch generates two spatial feature maps by computing the mean and maximum values along
the channel dimension. These maps are concatenated along the channel dimension and passed through a 7x7
convolutional layer to capture large-scale spatial dependencies. The sigmoid function then produces the spatial
attention weight map. Ultimately, the channel attention output is multiplied position-wise with the spatial weights,
enabling simultaneous fine-tuning of feature maps across both channel and spatial dimensions. This allows the
model to adaptively focus on the feature channels and critical regions most relevant to fault diagnosis, significantly

enhancing the discriminative power of feature representations.

4.3. Fault identification process
Task identification based on MSDR-DAM specifically involves the following three steps:

(1) Step 1: Collect bearing signals as raw diagnostic data, construct a dataset encompassing normal operation
and various fault conditions, and employ continuous wavelet transform and Gram angular field to
generate two-dimensional maps for image fusion;

(2) Step 2: Input the preprocessed data into the MSDR-DAM model for training. Once the model achieves
stable accuracy that meets the criteria, validate its precision using the test set data and save the model’s
optimal hyperparameters and weights;

(3) Step 3: Output model diagnostic logs and reports.
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5. Experimental verification and analysis

5.1. Experimental platform

To validate the diagnostic effectiveness of the proposed model in this paper, the experimental platform employs an
Intel Core 15-14600KF processor, an NVIDIA GeForce RTX 5060 Ti graphics card, and 32 GB of memory. The
software environment is based on the CUDA 12.8 acceleration library, with the deep learning framework utilizing

the PyTorch programming language on Python 3.9.

5.2. The experimental results

To validate the feasibility of the feature extraction method and diagnostic model under small sample conditions,
this experiment utilizes the data from Section 2 for bearing fault diagnosis testing. By inputting data into the
MSDR-DAM model, this paper employs a confusion matrix to quantitatively analyze diagnostic outcomes. The
horizontal axis represents the diagnostic model’s predicted results, while the vertical axis denotes the actual
diagnostic results. Elements on the main diagonal indicate the number of samples where predictions match actual
outcomes, whereas off-diagonal elements represent misclassified samples. The test diagnostic confusion matrix
is shown in Figure 4. Samples under different fault categories can be correctly classified, with few misclassified
samples, high classification accuracy, and strong generalization capability. Throughout the process, no complex
coordinate transformations, expert prior knowledge, or manual debugging experience are required to successfully
diagnose the location of the fault. This demonstrates that the method proposed in this paper has certain feasibility
for small-sample bearing fault diagnosis.
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Figure 4. Confusion matrix.

As shown in Table 2, the proposed model achieves an accuracy of 98.43% in IGBT localization,
demonstrating exceptionally high diagnostic precision. Furthermore, the high values of precision, recall, and F1

score confirm the model’s capability in identifying samples.
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Table 2. Comparative experiment

Diagnosis method Accuracy Precision Recall F1 score
1D-CNN 91.03% 92.50% 90.56% 90.69%
2D-CNN 95.00% 95.49% 95.00% 94.89%

Proposed Method 97.47% 97.73% 97.37% 97.42%

Table 2 demonstrates that the proposed model exhibits significant advantages across multiple key
performance metrics. Compared to the 1D-CNN model, our approach enhances diagnostic accuracy by converting
fault signals into two-dimensional data. Compared to the 2D-CNN model, this paper introduces multi-image
fusion and an attention mechanism. This mechanism guides the network to more effectively capture discriminative
features related to faults by simultaneously computing channel attention and spatial attention, thereby enhancing
the diagnostic performance and robustness of the convolutional network. This model fusion approach enables the
MSDR-DAM diagnostic model to excel in accuracy, efficiency, stability, and resource consumption for small-

sample fault diagnosis in bearings.

6. Conclusion

This paper proposes a small-sample bearing fault diagnosis method based on multi-image fusion and a dual-
attention mechanism for multi-scale dynamic residuals. The multi-scale dynamic residual module adaptively
fuses fault features with varying receptive fields to capture multi-scale patterns ranging from transient impacts to
steady-state modulations. The dual-attention mechanism for both channels and spatial dimensions simultaneously
calibrates feature responses along these dimensions, precisely focusing on fault-sensitive regions. To validate
performance, the dataset from the Bearing Data Center at Case Western Reserve University was employed
for experiments. Results demonstrate that the proposed method achieves high-accuracy diagnosis even under
minimal sample conditions, with bearing fault localization accuracy reaching 97.47%, significantly outperforming
traditional models such as 1D-CNN and 2D-CNN.
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Abstract: In recent years, Large Language Models (LLMs) have rapidly advanced in language understanding, reasoning,
and generation, and are increasingly adopted as the “brain” of industrial intelligent systems. Nevertheless, in high-risk and
strongly regulated domains they still exhibit hallucination, weak domain grounding, limited interpretability, and privacy
as well as security constraints. Knowledge graphs (KGs) encode domain entities, relations, rules, and events explicitly,
providing controllable semantics and an explainable reasoning substrate. Retrieval-augmented generation (RAG) injects
external evidence into LLM prompting, while GraphRAG further introduces graph indexing and community-level
retrieval to preserve global structure and support multi-hop reasoning. This review summarizes the evolution of LLMs,
KG modeling and extraction, GraphRAG mechanisms, and a general fusion framework. Typical industrial applications are
surveyed, and a coal mine flood emergency plan generation and evaluation approach is discussed to illustrate the practical
value of graph-grounded large models. KG-enhanced retrieval also supports provenance tracking, allowing industrial users

to audit the evidence behind model outputs.
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1. Introduction

Large model-driven general Al has shifted industrial systems from pipeline-style NLP modules to unified
model-centric architectures. LLMs offer strong zero-/few-shot transfer, natural human-computer interaction, and
the ability to synthesize multi-source information, making them suitable as universal interfaces for production,
governance, and safety services. However, industrial tasks emphasize factual correctness, timeliness, traceability,
and compliance. Pure LLMs cannot reliably store long-tail or rapidly changing professional knowledge, and
their black-box generation may lead to unsafe suggestions in critical decision processes. Existing work therefore
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combines LLMs with external knowledge. RAG improves factuality by retrieving evidence from document
stores, but vector-only retrieval may fragment long documents and ignore structural relations, limiting global
understanding and multi-hop reasoning. KGs provide structured semantics and explicit causal/procedural
connections, yet traditional KG-based QA often depends on brittle symbolic pipelines and heavy manual schema
design. GraphRAG integrates graph structure into retrieval and reasoning, enabling global-aware evidence
selection and explainable paths, and thus becomes a promising foundation for trustworthy industrial LLM systems.
This paper reviews key techniques and proposes an LLM + KG + GraphRAG fusion route for industry scenarios,
with a focus on coal mine flood emergency management.

2. Development and industrialization trends of large language model technology
2.1. Evolution of general large models

Since the transformer architecture, pretraining on massive corpora plus instruction tuning and alignment (e.g.,
RLHF or preference optimization) has produced foundation models with strong reasoning and generation
capabilities. Research trajectories include scaling laws, long-context modeling (positional encoding variants,
sparse attention, retrieval-memory hybrids), mixture-of-experts for efficiency, distillation/quantization and
speculative decoding for deployment, and tool/function calling for structured actions. Inference optimization and
hardware acceleration have reduced serving cost, while multimodal models extend LLMs to images, audio, and
sensor-like signals, supporting richer industrial inputs such as inspection photos, charts, or monitoring reports.
Despite this progress, general models remain weak on domain terminology, localized standards, and task-specific
workflows. Their performance degrades under distribution shift (new devices, new policies, unseen hazards),
and safety alignment for professional scenarios is still insufficient. Therefore, domain customization and reliable

knowledge grounding are indispensable for industrial use.

2.2. Industry large models and task customization practice

Industrial adaptation usually follows two intersecting paths: domain fine-tuning and knowledge-grounded
augmentation. Fine-tuning uses curated professional corpora and parameter-efficient methods (LoRA, adapters)
to strengthen domain vocabulary, response style, and constraint compliance; continual learning is used to follow
evolving regulations and incident patterns. Knowledge augmentation connects LLMs to enterprise databases and
document stores through RAG, KGs, and agent workflows so that answers are evidence-based and controllable.
In industry and smart-city contexts, private data are heterogeneous and sensitive; deployment thus stresses
on-premise or secure-cloud serving, access control, and data-quality governance. For mine safety, models are
customized to understand emergency plans, accident reports, geological texts, and monitoring indicators, and to
generate disposal suggestions aligned with standards. LLMs also assist KG construction by extracting entities/
relations from long technical documents, reducing manual labeling cost and enabling faster knowledge updates.
For library, information, and scientific services, LLMs act as semantic organizers and report writers on top of

curated KGs, improving literature retrieval and thematic analysis.

3. Knowledge graph and structured knowledge extraction technology
3.1. Modeling elements of industry knowledge graph

An industry KG encodes domain entities, attributes, relations, and events under a shared ontology. Entities

37 Volume 9, Issue 1



may represent equipment, hazards, resources, organizations, policies, or cases. Relations include hierarchical,
causal, temporal, spatial, procedural, and constraint links. Industrial KGs emphasize multi-source fusion (plans,
logs, sensors), spatiotemporal evolution, uncertainty/confidence, and versioned updates, making them suitable
for decision support, risk assessment, and post-event auditing. Schema design usually aligns with standards or
regulations, and quality assurance relies on constraint rules, consistency checking, and iterative expert validation.

3.2. Knowledge extraction based on pre-trained models and LLMs

KG construction requires NER, relation/event extraction, entity linking, and coreference resolution. Traditional
supervised IE provides stable baselines but is costly to label. Pretrained encoders and seq2seq extractors reduce
data needs, while LLM prompting enables few-shot or open IE, structured triple/JSON outputs, and automatic
schema induction. In practice, hybrid pipelines are common, where statistical or rule extractors provide
high-precision seeds; LLMs expand coverage by self-asking and self-correcting; normalization and deduplication
fuse results; and human auditing remains the final safety gate. LLMs are also used for knowledge completion and
conflict detection, supporting continuous KG evolution.

4. Technical route of 4RAG and GraphRAG
4.1. Vector RAG framework and its limitations

Vector RAG embeds text chunks, retrieves top-k similar units, and feeds them into LLM prompts. It enhances
factuality for single-hop questions but struggles with complex industrial corpora as follows:
(1) Fixed chunking breaks long-range coherence, and top-k evidence may miss the global narrative;
(2) Embeddings emphasize topical similarity but may overlook explicit causal or procedural relations;
(3) Retrieved snippets can be redundant or inconsistent, so the model may still hallucinate when integrating
evidence.
These limits are evident in tasks requiring cross-document causal tracing, such as policy coordination,

equipment fault localization, or emergency decision making.

4.2. Core idea and implementation process of GraphRAG

GraphRAG constructs a graph over text units and/or KG nodes to preserve structure during retrieval. Offline,
it does as follows:

(1) Segments documents into base units;

(2) Extracts entities and relations for linking;

(3) Builds graph edges using KG relations and/or semantic similarity;

(4) Applies community detection to obtain topic-level subgraphs;

(5) Summarizes each community to form a compact global representation.

Online, a query retrieves relevant community summaries to locate the correct knowledge region, and then
expands into local nodes and paths for fine-grained evidence. By combining global summaries with local facts,
GraphRAG improves multi-hop retrieval stability, reduces redundancy, and provides interpretable evidence chains.

4.3. Integration mode of GraphRAG and knowledge graph
Three integration patterns are observed as listed:
(1) Document-graph GraphRAG builds graphs mainly from unstructured corpora for domains without mature
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KGs; it is easy to deploy but less controllable;

(2) KG-enhanced GraphRAG uses a domain KG as the core graph and links documents to KG nodes,
enabling rule-consistent retrieval and reasoning;

(3) Hybrid GraphRAG merges document graphs and KGs into a heterogeneous graph, combining semantic
proximity search with symbolic multi-hop traversal.

The choice depends on KG availability, update frequency, interpretability requirements, and engineering cost.

5. General fusion framework of LLM + KG + GraphRAG

5.1. Offline stage: Multi-source knowledge modeling and graph index construction

The offline stage ingests domain plans, regulations, cases, technical manuals, databases, and logs. Documents
are cleaned and segmented into base text units; entities, relations, and events are extracted to build or update the
KG. Text units are embedded and linked to KG nodes, producing a heterogeneous retrieval graph. Community
detection and summarization create a multi-level index supporting global overview plus local evidence access.
Graph and vector indexes are stored for fast online retrieval and are periodically refreshed as new data arrives.

5.2. Online stage: Query comprehension, graph retrieval, and generative reasoning

Given a user query, the system performs intent and entity parsing, retrieves relevant community summaries or
KG subgraphs, and expands along graph paths to gather supporting text. Evidence is re-ranked and organized
into structured context (facts, relations, timelines, procedures). The LLM then generates answers under
evidence constraints, optionally using self-verification, rule checks on KG paths, and tool calls (database
lookup, calculation, simulation). Outputs can include cited evidence and reasoning paths for expert auditing and

downstream execution.

5.3. Coal mine flood emergency plan generation and evaluation

For coal mine flood disasters, knowledge sources include emergency plans, laws, historical accidents, hydrology/
geology reports, and monitoring indicators. A safety schema models water-inrush sources, precursor signals,
affected equipment, response teams, and disposal actions with causal and temporal links. GraphRAG retrieves
scenario-matched subgraphs and similar accident communities, providing grounded context on hazard evolution
and proven measures. The LLM produces structured, stepwise emergency plans (monitoring—alarm—confirmation—
control-evacuation—rescue—recovery). Plan evaluation can leverage KG rule compliance, evidence coverage, and
similarity to validated historical cases.

6. Overview of industry applications

6.1. Analysis of government data governance and policy coordination

Zhu and Qin built a policy knowledge graph and adopted GraphRAG for government data governance and policy
coordination ' Their method converts policy texts into a unified graph space, uses community division to cluster
policy topics, and performs path-based retrieval to trace cross-policy dependencies. GraphRAG locates relevant
clauses quickly and provides multi-document evidence chains, while the LLM assists semantic interpretation and

policy-effect analysis, improving policy synergy and execution efficiency.
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6.2. Industrial private data and smart city knowledge services

Hu et al. proposed an ALBERT-XL pipeline for constructing KGs from industrial private data, enabling
knowledge extraction without exposing raw sensitive logs ). Based on industrial KGs, Li et al. implemented
a GraphRAG-based enterprise private knowledge base for construction projects, enhancing cross-document
retrieval, fault troubleshooting, and experience reuse . In smart-city governance, similar KG + GraphRAG
services unify heterogeneous data for infrastructure management, incident response, and citizen Q&A, and LLMs

translate retrieved evidence into actionable and understandable recommendations.

6.3. Library and information services and domain knowledge services

Xie et al. introduced TTKE-LLM, using LLM prompting plus engineering constraints to extract tourism entities
and relations and to accelerate KG construction “. Ma et al. combined LLMs with GraphRAG to generate
graph-guided abstracts for scientific literature, turning scattered papers into structured knowledge and improving
literature navigation . Compared with keyword-based intelligence analysis, KG + GraphRAG enables semantic
clustering, relationship tracing, and explainable answers to complex queries, while LLMs synthesize readable
intelligence reports.

6.4. Agricultural pest and disease control and expert system

Wu et al. developed a rice pest-and-disease expert system by coupling agricultural KGs with LLM reasoning .
Symptoms, varieties, pesticides, and environmental factors are encoded as KG nodes/relations, and GraphRAG
retrieves multi-hop evidence for diagnosis. The LLM serves as a hypothesis generator and interactive expert,

revising conclusions with retrieved evidence to improve interpretability and practical usability.

6.5. Power system, autonomous driving and other scenarios

In power systems, Liu et al. applied LLMs to electric-vehicle charging and swapping load forecasting . With
KG/RAG context on equipment states, user behavior, and grid constraints, their approach yields more robust and
interpretable forecasts. In autonomous driving, Song et al. summarized large-model decision/planning progress,
and Wu et al. further integrated vehicle KGs with LLMs to support multi-scenario decision making and safer
reasoning '*”. Ai et al. introduced a GraphRAG-based assistant for spacecraft fault localization, showing that

graph-guided retrieval can improve cross-document fault reasoning ™’

6.6. Mine accidents and safety management

For mining, Zhang et al. constructed a mine-accident KG using LLM-assisted extraction, capturing environment,
causal factors, losses, and response measures, which supports case retrieval and risk pattern mining . Xu et al.
designed an LL.M-based coal-mine safety assistant; combined with KG/GraphRAG retrieval, it assists hazard
identification, case recall, and on-site decision suggestions with traceable evidence ”. These results indicate that

graph-grounded LLM systems can improve the safety training effectiveness and emergency disposal efficiency.

7. Key challenges and development trends
7.1. Challenges at the data and graph level

Industrial corpora are noisy and heterogeneous, and KG construction faces schema inconsistency, entity ambiguity,

sparse labeling, and high expert cost. Continuous updates, temporal reasoning, and uncertainty modeling remain
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difficult, and extraction errors may propagate into retrieval and generation. Future systems need automatic quality
assessment, conflict resolution, and efficient human-in-the-loop editing to maintain graph reliability.

7.2. Challenges at the model and system levels

GraphRAG introduces extra latency, storage, and engineering complexity. Retrieval quality depends on graph
construction, community division, and linking accuracy, while LLMs may still hallucinate when evidence is weak
or contradictory. Efficient deployment therefore requires lightweight heterogeneous graph indexing, caching,

adaptive retrieval depth, and model compression, together with strict privacy/access control for sensitive data.

7.3. Evaluation, compliance and future directions

Benchmarks for graph-grounded generation are scarce. Evaluation should measure factuality, evidence
faithfulness, reasoning-path correctness, robustness, and expert trust, ideally via scenario-based tests. Compliance
concerns cover data security, copyright, and domain safety regulations. Future research will likely focus on
automated schema learning, spatiotemporal and multimodal GraphRAG, causal/functional graphs for decision
support, joint graph-LLM training, and agentic multi-step planning-retrieval-generation with human oversight.

8. Conclusion

LLMs provide powerful language interfaces, KGs supply explicit and explainable domain knowledge, and
GraphRAG enables global-aware multi-hop retrieval and path-based reasoning. Their fusion improves grounding,
interpretability, and robustness for industrial intelligence. In coal mine flood emergency management, a
KG-enhanced GraphRAG framework can generate and evaluate structured emergency plans aligned with
regulations and verified cases, offering a feasible direction for intelligent emergency disposal. Overall, the LLM
+ KG + GraphRAG paradigm offers a balanced path between neural flexibility and symbolic controllability for
future safety-critical industrial Al.
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Abstract: Amidst the intensifying digital economy and global competition, supply chain quality management is evolving
from traditional linear models toward networked systems characterized by data-driven and intelligent collaboration. This
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proposes collaborative optimization pathways based on deep learning, blockchain, and reinforcement learning. Through
case studies in the automotive and pharmaceutical industries, the research validates the feasibility of Al in predictive
maintenance and cross-linkage collaborative decision-making, demonstrating AI’s ability to significantly enhance the
systemic resilience and decision-response capabilities of quality management. This paper innovatively integrates industrial
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providing a new theoretical framework and practical pathway for intelligent manufacturing and sustainable supply chain
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1. Introduction

Amidst of economic globalization and diversifying market demands, enterprises face dual pressures to reduce
costs and enhance competitiveness. Consequently, supply chain quality management has become a core issue
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determining corporate competitiveness and risk resilience. Against the backdrop of accelerating global industrial
transformation toward digitalization, networking, and intelligence, traditional linear supply chains are evolving
into mesh ecosystems characterized by “data-driven-platform-collaborative” features. The focus of corporate
competition has shifted from individual product performance to a comprehensive contest of overall supply
chain real-time responsiveness and collaborative efficiency. However, within complex supply chain networks,
quality issues at any link can propagate through upstream and downstream channels, amplifying their impact
(e.g., the bullwhip effect or ripple effect), ultimately affecting overall output quality and customer satisfaction.
Traditional quality management models, predominantly static, linear, and post-event inspection-based, struggle to
adapt to dynamic external environments due to information silos and the absence of real-time sharing and cross-
organizational collaboration mechanisms. Industrial Engineering (IE), emphasizing system optimization, process
standardization, and statistical process control, exhibits inherent synergy with supply chain quality management.
Both disciplines prioritize data-driven decision-making, closed-loop control systems, and cross-organizational
collaboration. This convergence enables holistic quality robustness and overall optimization through localized
improvements. Consequently, establishing an integrated, preventive, and platform-based supply chain quality
collaboration, management system has become the critical pathway to mitigate quality transmission risks and
overcome traditional management bottlenecks.

Supply chain quality management still faces numerous practical challenges. Quality data sources are highly
dispersed and heterogeneous, with inconsistent standards, formats, and interfaces across different segments,
leading to information asymmetry, traceability difficulties, and delayed decision-making. Cross-enterprise
quality standards vary, and differing implementation and inspection methods impact collaboration efficiency
and consistency in quality assessment. Furthermore, in dynamic and uncertain environments, supply chain
collaboration mechanisms lack resilience, struggling to respond to demand fluctuations or even supply chain
disruptions triggered by geopolitical tensions or public health events. Against this backdrop, this study focuses on
the intersection of industrial engineering and supply chain management. It introduces artificial intelligence (Al)
technology to construct a cross-enterprise quality collaboration analysis framework. Leveraging Al enables deep
mining of quality data, predictive optimization, and intelligent decision-making. This approach deeply integrates
the logic control with the concept of cross-organizational collaborative governance in SCM. It not only of IE,
emphasizes process optimization and quality, fills a research gap in Al-enabled supply chain quality collaboration
theory, but also provides a new research paradigm for quality management in complex supply chain scenarios.

2. Theoretical foundations and literature review

2.1. Supply chain quality management theory

Supply chain quality management (SCQM), serving as the core link connecting internal quality control and
external collaboration, has seen its theoretical framework evolve alongside advancements in industrial structures
and management paradigms. Early traditional quality management systems, such as total quality management
(TQM), emphasized principles of full employee participation, process orientation, and continuous improvement,
playing a vital role in enhancing internal quality standards. As supply chain integration deepens, TQM principles
have gradually expanded to the supply chain level, forming a multi-stakeholder collaborative governance quality
management system. Six Sigma, centered on the DMAIC model, achieves high-precision quality control at critical

supply chain nodes (such as raw material screening, production assembly, and logistics) by reducing process
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variation and optimizing key processes. The introduction of collaborative management theory further advances
the systematization and networking of supply chain quality governance. Its core lies in achieving coordinated
optimization and dynamic responsiveness among upstream and downstream enterprises through unified standards,
data sharing, and real-time monitoring mechanisms. With the integrated development of industrial internet, big
data, and Al technologies, supply chain quality management is progressively evolving toward intelligent and
data-driven approaches. This promotes supply chain transparency and resilience enhancement, establishing it as a
critical support system for driving high-quality and sustainable enterprise development.

2.2. Quality optimization methods in industrial engineering

Quality optimization in industrial engineering can be summarized under two core pillars: “shop floor monitoring”
and ““ upstream design.” At the shop floor level, statistical process control (SPC) serves as the core methodology.
By employing Shewhart and EWMA control charts to distinguish common from special cause variation, stable
monitoring of the manufacturing process is achieved for special cause. Within the Industry 4.0 framework,
SPC integrates with IoT sensors and MES systems to enable real-time data collection, automated charting,
and closed-loop early warning """ At the design level, quality function deployment (QFD) and failure mode
and effects analysis (FMEA) are widely employed for requirement translation and risk pre-control. However,
methods have certain limitations: QFD is prone to mapping deviations under mass customization and rapidly
fluctuating requirements, while demanding high levels of interdisciplinary collaboration and data resource
support. Meanwhile, the risk priority number (used in traditional FMEA RPN) often distorts rankings due to
the multiplication of ordinal metrics and heavily relies on expert judgment. To address these challenges, current
research is evolving toward fuzzy/multi-criteria coupling methods, time-updated “dynamic FMEA”, and digital

. . . . . . . 23
twin-driven online risk assessment to enhance responsiveness and timeliness .

2.3. Current applications of Al in supply chain quality management

With the rapid advancement of Al technologies, the research paradigm in supply chain quality management is
progressively shifting from experience-driven approaches toward data-driven and intelligent decision-making
orientations. Al provides new technical support for quality control, risk prediction, and supply chain collaborative
optimization through methods such as machine learning, deep learning, and intelligent reasoning. Machine
learning models, leveraging their automated feature extraction and pattern recognition capabilities, can effectively
predict product defect rates and optimize process control. For instance, random forest (RF) and support vector
machines (SVM) can accurately predict defect occurrence probabilities and generate actionable insights for supply
chain optimization . Long short-term memory (LSTM) networks are suitable for time series modeling, enabling
demand fluctuation forecasting and early supply chain risk warnings; while Bayesian networks provide intelligent
reasoning frameworks for root cause analysis and optimal strategy generation in complex systems.

The convergence of Al and supply chain quality collaboration has emerged as a frontier topic of shared
interest across academia and industry. Al-driven data fusion and sharing mechanisms provide tamper-proof
transaction records, enhancing supply chain transparency and traceability. This boosts overall supply chain
resilience and enables real-time decision-making and optimization . Blockchain technology plays a pivotal
role in ensuring data trustworthiness and traceability, delivering high-quality, transparent, and flexible training
data for Al models . Natural language processing technology can parse quality documents within and across

organizations, enabling semantic-level standard mapping and specification unification; reinforcement learning
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supports dynamic decision-making in multi-agent environments, driving supply chains toward adaptability and
continuous improvement in complex settings. However, current research and practice face limitations, often
focusing on localized Al applications or single nodes while lacking a systematic supply chain quality collaboration
framework. Data security and privacy protection mechanisms remain underdeveloped, with cross-enterprise data

sharing encountering legal and trust barriers.

3. Challenges in supply chain quality collaborative management and Al-
empowered pathways

3.1. Core challenges

Supply chain quality collaboration management in practice faces multidimensional challenges, primarily
concentrated across three dimensions: data, standards, and mechanisms. At the data level, numerous participants
with widespread distribution result in fragmented quality data characterized by inconsistent formats and
incompatible standards. Concurrently, corporate concerns regarding data security and privacy protection limit
the depth and breadth of information sharing. At the standards level, differences create barriers to information
exchange, weakening collaborative effectiveness in quality management norms, testing methods, and defect
criteria among enterprises. To achieve efficient coordination, it is imperative to establish unified quality
management systems and data exchange standards. At the mechanism level, unequal distribution of benefits
among supply chain members often leaves some suppliers lacking intrinsic motivation for quality improvement.
Combined with imperfect collaborative decision-making and constraint mechanisms, this hinders the formation of
sustained, effective momentum for quality collaboration.

3.2. Al-empowered solutions

Al technology offers a systematic solution to the complex challenges of collaborative quality management in
supply chains. By integrating multi-source data, ensuring data security, unifying quality standards, and optimizing
collaborative mechanisms, Al can significantly enhance supply chain efficiency, sustainability, and systemic resilience
"l Deep learning and natural language processing (NLP) technologies enable the fusion and semantic alignment
of multi-source, heterogeneous quality data, supporting unified modeling of quality information across different
stages and formats. This improves data utilization efficiency and analytical accuracy . Blockchain and smart
contract technologies ensure data security at the mechanism level during circulation, traceability, and immutability,
establishing a trusted foundation for cross-organizational collaboration "”. At the standards level, AI aligns and
automates the semantic interpretation of quality standards, inspection metrics, and defect classifications, driving the
formation of standardized quality management systems "'". Reinforcement learning enables intelligent incentives for
quality improvement and resource allocation through real-time data-driven dynamic decision-making and adaptive
optimization mechanisms in multi-agent collaborative environments, enhancing system responsiveness and stability
2] Research indicates that Al-empowered supply chain collaborative optimization not only reduces defect rates and
operational risks but also significantly boosts overall performance and long-term sustainability.

4. Industry case analysis
4.1. Automotive industry case

In automotive manufacturing, Al applications play critical roles in process quality control, planning and inventory
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optimization, and equipment maintenance. Time-series machine learning predicts geometric deviations in structural
component hole positions during work-in-process stages, achieving approximately 15% higher prediction accuracy
than baseline models while reducing tolerance violations 'Y, Demand forecasting/inventory planning systems
reduce manufacturing inventory costs by 10-20% and suppress supply fluctuations by about 12% "', Predictive
maintenance combining AHP and PFMEA for failure mode identification with random forest modeling achieved
nearly 80% accuracy in predicting failure cycles on actual production lines, enabling proactive interventions for
unplanned downtime "'°.

4.2. Pharmaceutical industry case study

Within pharmaceutical supply chains, Al is playing a role in temperature-controlled quality assurance and
proactive recall risk assessment. Supervised learning based on route, time slot, and temperature sensor data
can identify cold chain boundary risks before shipment. A Brazilian cross-regional transport study with 7,078
samples demonstrated that a multi-layer perceptron achieved 93.7% correct classification on imbalanced data
with a Kappa statistic of 0.82. This directly supports scheduling and route adjustment decisions, establishing a
“preemptive handling” mechanism for temperature control risks "', Recall risk scoring tailored to product and
process complexity employs methods like the Minimum Absolute Shrinkage and Selection Operator to screen
key descriptors (e.g., route of administration, dosage form, release pattern, half-life). With an accuracy rate of
approximately 71%, this approach enables early identification of quality vulnerabilities throughout the product

lifecycle and provides quantitative thresholds for change management ',

5. Challenges and future research directions

5.1. Implementation challenges

Despite offering innovative opportunities such as predictive analytics, real-time monitoring, and automated
decision-making for collaborative supply chain quality management, the implementation of Al still faces multiple
obstacles, primarily centered around data sharing, technological transparency, and collaborative incentives.
Research indicates that enterprises generally exhibit low willingness to share sensitive data, which may hinder
Al applications in cross-organizational quality collaboration, although governance frameworks can mitigate
such issues to some extent. The “black box” nature of Al models erodes managerial trust, leading to concerns
about decision-making transparency and limiting practical adoption *”. At the mechanism level, cross-enterprise
incentive designs remain immature, with power asymmetries and misaligned motivations making it difficult for

suppliers to actively engage in quality improvement.

5.2. Future directions

Future research may expand along the following directions to systematically advance Al-enabled collaborative
supply chain quality management. Regarding data collaboration and privacy protection, distributed machine
learning techniques like federated learning hold significant application potential. This approach enables multiple
parties without sharing raw data to jointly build Al models, effectively balancing data utilization with commercial
privacy protection and providing a feasible technical pathway for cross-enterprise quality data analysis and
collaborative modeling. At the process mapping and dynamic simulation level, the deep integration of digital
twins and Al will construct dynamic virtual representations of quality states across all supply chain segments.
Such systems can map quality behaviors in physical supply chains in real time, simulate disturbance impacts, and
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predict potential risks, thereby providing high-fidelity, iterative simulation environments for quality early warning,
strategy evaluation, and decision optimization. Regarding collaborative mechanisms and standardization, policy
guidance and industry consensus should be strengthened to promote the development of cross-industry, cross-
platform quality data sharing standards and collaborative decision-making processes. Unified data standards and
collaborative frameworks will reduce system integration costs, enhance information exchange efficiency, and
thereby boost the overall synergistic effectiveness of the supply chain ecosystem.

6. Conclusion

This study systematically investigates Al-enabled collaborative quality management within supply chains,
proposing an integrated analytical framework that merges industrial engineering optimization principles with
supply chain coordination mechanisms. It identifies and articulates feasible Al-driven pathways to overcome
critical challenges, including cross-enterprise quality data silos, standardization gaps, and weak collaborative
incentives. Through case studies in the automotive and pharmaceutical sectors, the research demonstrates Al’s
tangible benefits in enhancing operational efficiency and system reliability. Applications in quality monitoring,
inventory optimization, equipment maintenance, and risk management highlight AI’s capacity for precise
prediction and proactive control. Notwithstanding these advances, the widespread implementation of Al in
supply chain quality management continues to encounter obstacles such as data-sharing barriers, limited model
interpretability, and underdeveloped incentive structures. Nevertheless, emerging technological frontiers, such
as federated learning, dynamic FMEA, multi-modal data fusion, and policy-standard alignment, are steadily
steering supply chain quality governance toward real-time responsiveness, adaptive decision-making, and
trusted collaboration. Looking ahead, as Al technologies continue to evolve and cross-organizational governance
models mature, Al-facilitated collaborative quality management is poised to achieve end-to-end optimization
and strengthen systemic resilience across increasingly complex supply chain ecosystems. This progression will
provide critical support for the transition toward high-quality and sustainable enterprise growth, establishing a new
benchmark for intelligent supply chain operations in the digital era.
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Abstract: The gas valve is the most vulnerable component of a reciprocating natural gas compressor, and its state is
closely related to the operating state of the compressor. However, valve faults cannot be clearly diagnosed through the
frequency domain. To address this difficulty, this paper analyzes the valve vibration signals from the perspective of time-
domain mechanisms. The main research work includes analyzing various vibration sources of the gas valve through on-site
vibration data and key phase signals, and analyzing fault signals based on the impact of vibration sources. The analysis of
on-site fault vibration signals has well confirmed the accuracy of vibration source classification and the reliability of time-
domain analysis methods. The results show that fault diagnosis of compressor valves through time-domain signals is a

reliable approach.
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1. Introduction

With the continuous growth of global energy demand, natural gas has become one of the main clean energy
sources and is widely used in various industrial equipment and transportation vehicles ""’. As a crucial equipment
in the production, transportation, and storage of natural gas, large reciprocating natural gas compressors (hereinafter
referred to as compressors) bear key operational loads during operation ). However, during long-term high-load
operation, the gas valves of compressors are prone to performance degradation or failure due to factors such as
wear and tear of components, malfunctions, or human operational errors ', In severe cases, this may even lead to
equipment downtime, seriously affecting production efficiency and safety. Although gas valves are continuously
being improved and developed, they remain the most vulnerable components in compressors, with a service life
of less than three months in harsh working environments . Therefore, research on fault diagnosis and health
monitoring technologies for compressor gas valves holds significant theoretical value and application prospects.
Currently, fault diagnosis methods based on vibration signals primarily rely on the time and frequency
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domains. While spectral analysis is effective for identifying severe faults such as valve plate breakage, its
effectiveness in analyzing milder faults like air valve spring failure is not sufficiently evident. Therefore, this paper
performs envelope processing on the air valve vibration signals collected from the valve cover, and the extracted
envelope signals contain information about the mechanism and faults of the air valve .

2. Collection objects and systems

Data acquisition is primarily conducted for a large reciprocating compressor of a natural gas company. The rated
power of this compressor is 5816 kW, and its gas valve adopts a mesh valve structure. The acquisition points for
the gas valve are shown in Figure 1. Explosion-proof magnetic suction piezoelectric acceleration sensors are used,
and infrared key-direction signal sensors are also employed to obtain the time point when the piston moves to the
outer dead center. The sampling rate of vibration signals in this paper is set at 12800 Hz.

Inlet
Valvel

Inlet
Valve2

Vent
Valve1l

Vent
Valve2

Figure 1. Location map of vibration signal acquisition points for the air valve.

3. Analysis of vibration signal excitation source

3.1. Schematic diagram of air valve structure

The simplified structure of the gas valve is shown in Figure 2, consisting of a lift limiter, spring, valve plate,
and valve seat ™*. When the pressure difference between the internal and external air is insufficient to overcome
the spring force and the gravitational force of the valve plate, the valve plate is pressed against the valve seat,
preventing normal airflow. However, as the piston moves, when the pressure difference reaches a certain value, the
gas pushes the valve plate to the state shown in the figure, and the gas valve starts to allow gas to flow. Therefore,
with the reciprocating motion of the piston, the gas valve opens and closes regularly, allowing the compressor to
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operate normally. However, due to the continuous impact of the gas valve on the lift limiter and valve seat, the
valve plate is easily damaged . Therefore, fault diagnosis for the gas valve is particularly important.
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Figure 2. Simplified structural schematic diagram of the gas valve.

3.2. Analysis of vibration signal excitation source

Due to the numerous moving parts in the entire compressor unit, the vibration signal of the gas valve contains a
lot of interference, and high-frequency vibrations make it difficult to intuitively discern the characteristics of the
vibration time-domain signal. In this paper, the preprocessing of vibration signals employs the Hilbert envelope to
strip away redundant information and highlight core features.

As shown in Figure 3, the vibration signals of all air valves on one side are plotted in a single graph to
facilitate vibration source analysis. For a double-acting eight-valve compressor, the actions on both the left and
right sides are completely symmetrical. Since the vibrations of the air valves are symmetrical in both positive and
negative directions, the vibration data of each air valve is either positive or negative. The vibration data of intake
valve 2 and exhaust valve 1 are taken as positive values, while the vibration data of intake valve 1 and exhaust
valve 2 are taken as negative values. The reason for this is that during the movement of the piston from the outer
dead center to the inner dead center, intake valve 2 and exhaust valve 1 undergo valve plate movement, so their
vibration data are taken as positive values. Similarly, intake valve 1 and exhaust valve 2 are both taken as negative
values. This way, for each stage of the air valve vibration signal, it is only necessary to focus on the shape of the
y-axis side, facilitating the classification of vibration sources.

Phases 1 and 3 represent the movement of the piston from the outer dead center to the inner dead center.
During this period, the intake valve 2 and exhaust valve 1 experience impact vibrations from the valve plates.
It is evident that the signal intensity above the y-axis is high, while the signal below the y-axis is only passive
vibration. Similarly, in phases 2 and 4, the piston moves from the inner dead center to the outer dead center, and
the vibrations of the intake valve 1 and exhaust valve 2 are significantly stronger. Therefore, the impacts at points 1,
3, 5, and 7 in the figure are due to the collision vibrations between the intake valve plate and the lift limiter, while
the impacts at points 2, 4, 6, and 8 are due to the collision vibrations between the exhaust valve plate and the lift
limiter.
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Figure 3. Envelope diagram of vibration signal of air valve on one side of the cylinder.

3.3. Analysis of valve plate movement

The movement of the valve plate primarily depends on the spring force and the pressure difference between the
internal and external air pressures, while the rate of pressure change in the cylinder due to the gas inside mainly
depends on the piston’s movement speed '”. The formula is as follows:

r

1

A sintw

Nyl

A=

v = rw(sinfw +

Where r represents the crank radius, 1 denotes the length of the connecting rod, A signifies the ratio of crank
radius to connecting rod length, v stands for the piston’s movement speed, windicates the angular velocity of the

crankshaft rotation, and t represents time.

The piston speed, as shown in Figure 4, varies periodically, and the speed decreases as it moves closer to
the stop point, resulting in a rate of change in cylinder pressure that first increases and then decreases from the
stop point. Taking the intake valve 1 in Figure 1 as an example, as the piston moves from the inner stop point to
the outer stop point, the pressure difference between the inside and outside gradually overcomes the spring force,
pushing the valve plate onto the lift limiter. As gas flows into the cylinder, due to the limited space of the intake
chamber, the pressure inside the cylinder exhibits pulsating changes. However, the pressure difference still allows
the valve plate to approach the lift limiter. However, as the cylinder pressure approaches the stop point, the rate
of change slows down. Due to factors such as gas inertia, the valve plate may fall back onto the valve seat earlier,
and its speed is much lower compared to when it impacts the lift limiter. Therefore, the impact is not evident in the
on-site vibration waveform. However, due to factors such as spring stiffness and intake and exhaust pressure, the
valve plate may bounce strongly when it impacts the lift limiter and valve seat, which may accelerate the damage
to the valve plate and reduce its lifespan.
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Although the operating principles of intake and exhaust valves are similar, there are still certain differences in
their movements. The vibration of the intake valve plate hitting the lift limiter will precede the exhaust valve plate
hitting the lift limiter, as shown in Figure 3 where the impact at point 1 occurs earlier than the impact at point 2.
This means that the piston displacement during the expansion process is less than that during the compression
process. The theoretical proof is as follows.

Velocity/m/s

0.01 0.02 0.03 0.04 0.05
Time/s

Figure 4. Schematic diagram of piston speed.

By simplifying a gas into an ideal gas, the gas satisfies:
pvt=C
Where p represents the gas pressure, v denotes the gas volume, n stands for the polytropic index, and
C signifies a constant. Generally, in engineering, it is assumed that the polytropic index is equal for both the

expansion and compression processes.

Therefore, based on the data presented in Figure 5, we can deduce that:

n __ V(A
P1Vy = P2V3
n __ 1
p1v; = P2y

That is:
V3 V1
v, vy
LV
Uy U2
Vy—V3 Uy -1
Vy = (%]
Because:
Vy > Uy
So:

Vy—U3 > Uy—V1
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Therefore, the piston displacement during the expansion process is smaller than that during the compression
process, meaning the impact at point 1 in Figure 3 will occur earlier than the impact at point 2.
»

p2

p1

v v2 v3 v4 V

Figure 5. Indicator diagram of compressor.

4. Fault signal analysis based on mechanism

4.1. Fault signal manifestation

The gas valve is not only the most vulnerable component in a compressor, but it also exhibits various failure
modes. Generally, there are four common types of failures: gas valve leakage, gas valve spring failure, valve plate
fracture, and gas valve sticking. Due to the overlap in vibration characteristics among different failures, accurately
inferring the type of failure is challenging. However, different failures can be roughly inferred based on the
vibration characteristics of the time-domain vibration source.

When the gas valve leaks, during the stage when the valve should be fully closed and sealed, the waveform is
not flat but exhibits continuous low-amplitude vibration, which is caused by gas leakage. Furthermore, due to the
impact of leakage, the pressure change in the cylinder slows down, resulting in a decrease in the impact amplitude
during the opening and closing of the gas valve.

When the valve spring fails, during the valve opening process, the valve plate will repeatedly impact the lift
limiter, manifesting as dense, continuous multiple impact peaks; and due to insufficient spring force, the valve
plate reseating speed slows down, resulting in a delayed collision impact with the valve seat.

When the valve plate fractures, the vibration of the gas valve not only exhibits the vibration pattern typical
of gas valve leakage, but may also include chaotic impact spikes. The most severe situation is when valve plate
fragments bounce chaotically inside the valve chamber. Valve plate fracture may also lead to valve plate sticking
or seizure, resulting in the disappearance of impact.

When the air valve is stuck, the movement of the valve plate is obstructed, requiring a larger pressure
difference between the inside and outside to move. This is manifested as a delay in the shock waveform on the
time-domain diagram.

4.2. Case 1
This is the vibration waveform pattern formed by the fracture of the valve plate at the position of intake valve
1 in Figure 1. In Figure 6, there is only a weak impact vibration when the valve plate at position 1 is opened,

indicating that when the piston moves from the inner dead center to the outer dead center, the poor sealing
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caused by the fracture of the valve plate leads to air leakage, and the pressure change in the cylinder slows down.
Therefore, the gas force phase experienced by the valve plate is much smaller than normal, resulting in a smaller
impact. At position 2, an unreasonably high-amplitude impact is generated, indicating severe valve plate sticking,
which is likely due to the presence of valve plate fragments. At position 3, where the intake valve should be
closed, the vibration waveform exhibits low-amplitude continuous vibration, also indicating air leakage caused by
the fracture of the valve plate. In summary, based on the vibration behavior of various vibration sources, it can be
inferred that this waveform is generated by the fracture of the valve plate.
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Figure 6. Vibration signal envelope diagram of Case 1.

4.3. Case 2

This is the vibration waveform formed by the fracture of the valve plate at the position of intake valve 2 in Figure 1.
There is an unreasonably high-amplitude impact at position 1 in Figure 7, indicating a severe valve plate sticking
phenomenon. It is likely that there are valve plate fragments, and the valve plate is forcibly pressed down onto the
valve seat by the reverse airflow, resulting in a delayed strong impact. It is necessary to inspect and replace the
valve plate in a timely manner.
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Figure 7. Vibration signal envelope diagram of Case 2.
5. Conclusion

In order to achieve reliable fault diagnosis for compressor valves, this paper proposes a mechanism-based
diagnostic method that can determine the state of the valve through the vibration behavior of various vibration
excitation sources. The effectiveness of the proposed method is verified through the inference of on-site fault
signals. The results show that the method in this paper can achieve reliable fault diagnosis for valves. Subsequent
research can explore how to use effective feature representation methods to classify various faults and utilize
neural networks and other methods to achieve intelligent diagnosis of compressor valves.
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Abstract: The decomposition performance of variational mode decomposition (VMD) on natural gas pipeline leakage
pressure signals is highly sensitive to the subjective selection of its key parameters: the number of modes K and the penalty
factor a. To address this issue, this paper proposes an enhanced sparrow search algorithm (SSA) that integrates sine/
cosine searching and Cauchy mutation strategies, referred to as SCSSA, for optimizing the VMD parameter combination.
Experimental results demonstrate that the SCSSA-optimized VMD method significantly outperforms denoising approaches
based on the standard SSA and particle swarm optimization (PSO) in optimizing VMD parameters. Specifically, the
proposed method achieves a higher signal-to-noise ratio (SNR) and a lower root mean square error (RMSE) in the denoised

signal, effectively enhancing the denoising performance.
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1. Introduction

The detection of pipeline leakage signals serves as a crucial element in ensuring the safety and integrity of oil and
gas transportation systems. These leakage signals generally display highly non-stationary and nonlinear behavior,
making them inherently complex and difficult to analyze. Moreover, they are frequently contaminated by multiple
forms of noise arising from diverse sources. Key contributors include internal fluid dynamic phenomena, such as
turbulence induced by high-velocity flows and irregular pressure fluctuations, as well as external environmental
disturbances, for instance, mechanical vibrations from pumping equipment or electromagnetic interference
from nearby industrial activities. Additionally, sensor-related inaccuracies and instrumental limitations further
contribute to the overall noise profile. The convergence and superposition of such noise components often mask
the intrinsically weak and transient characteristics of leakage signals, which in turn substantially undermines

the reliability of subsequent feature extraction processes and degrades the performance of leakage detection
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algorithms. As a result, the development of efficient, robust, and adaptive denoising techniques is an essential
prerequisite for enhancing the discernibility of leakage signatures and improving the accuracy of detection models
when handling complex real-world pipeline data.

In this context, variational mode decomposition (VMD) has emerged as a prominent technique for processing
such signals since its introduction ). VMD is a fully non-recursive, adaptive signal decomposition method. Its
core principle involves constructing and solving a constrained variational optimization problem to adaptively
decompose the original signal into a set of sub-signal components with specific center frequencies and limited
bandwidth, known as intrinsic mode functions (IMFs). Compared to methods like empirical mode decomposition
(EMD), VMD is grounded in a rigorous mathematical framework, which effectively suppresses mode mixing and
offers excellent time-frequency localization properties. This makes it particularly suitable for extracting transient
components of non-stationary signals from an intensely noisy background . In the processing of pipeline
leakage pressure signals, VMD can separate the weak pressure fluctuations induced by a leak from the complex
noise background, providing a high-quality data foundation for subsequent fault diagnosis /.

However, the performance of VMD is highly contingent upon the preset values of its key parameters,
primarily the number of decomposition modes, K and the penalty factor (or bandwidth constraint parameter),
o. An inappropriately small K value leads to insufficient decomposition, causing different signal components to
alias within the same mode. Conversely, an excessively large K value results in redundant and spurious modes,
leading to over-decomposition *. The parameter o controls the estimated bandwidth of each IMF, influencing the
smoothness of the mode’s center frequency and bandwidth. Suboptimal parameter configuration can significantly
degrade the decomposition efficacy of VMD, thereby impacting the accuracy of denoising and feature extraction .

To address this limitation, researchers have proposed multiple strategies for VMD parameter optimization
and hybrid denoising. For instance, Xiao et al. proposed an improved VMD method combined with a threshold
algorithm for partial discharge signal denoising. By optimizing the parameters, they enhanced the decomposition
specificity and effectively eliminated noise-dominant modes through subsequent thresholding . Wu et al.,
focusing on surface electromyography (SEMG) signal noise, introduced an improved sparrow search algorithm
(ISSA) to adaptively optimize VMD parameters. This was combined with a second-generation wavelet threshold
applied to the IMFs. This approach enhanced the parameter self-adaptation capability of VMD and achieved
favorable denoising results "*'. These research ideas also provide valuable references for pipeline leakage signal
processing. Furthermore, some scholars have employed fitness functions such as sample entropy and envelope
entropy, combined with swarm intelligence optimization algorithms (e.g., particle swarm optimization, genetic
algorithm) to automatically determine the optimal parameter combination for VMD, further improving its
performance in specific applications '

In summary, when confronting the challenges posed by the non-stationary, nonlinear, and noise-contaminated
nature of pipeline leakage signals, VMD demonstrates significant application potential due to its solid theoretical
foundation and adaptive decomposition capability. Integrating VMD with other optimization algorithms and signal
processing techniques (e.g., threshold denoising, wavelet transform) to construct intelligent, parameter-optimized
VMD hybrid denoising models represents a crucial research direction for improving the accuracy and reliability of
pipeline leakage detection.

Despite extensive research on pipeline signal denoising, existing methods still have limitations. This study
aims to develop a more efficient and robust leakage signal denoising algorithm by leveraging an optimized VMD

approach, thereby improving detection accuracy and reliability, and providing enhanced technical support for the
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safe operation of natural gas pipelines.

2. Theoretical background and methodology

2.1. Principle of variational mode decomposition

VMD, introduced in 2014, is a fully non-recursive signal processing technique. Its core principle involves
iteratively searching for the optimal solution of a variational model to adaptively decompose a complex signal
into a discrete number of mode components a discrete set of band-limited (IMFs) with specific sparsity properties
and central frequencies. The VMD method effectively overcomes endpoint effects and mode mixing problems
common in other decomposition techniques. For a detailed mathematical formulation, readers are referred to the

seminal work ',

2.2. Enhanced sparrow search algorithm

The standard sparrow search algorithm (SSA) mimics the foraging behavior and anti-predation strategies of
sparrows. While SSA benefits from a simple structure, few parameters, and rapid convergence, it often suffers
from diminished population diversity in the later stages of optimization, leading to a high probability of converging
to local optima "),

To overcome these limitations, a multitude of enhanced variants of the salp swarm algorithm (SSA) have been
put forward in recent years. These modifications generally concentrate on augmenting population diversity via
mechanisms like adaptive parameter adjustment, hybrid operators combined with other meta-heuristic algorithms,
or the incorporation of local search strategies. For example, certain studies have integrated chaotic mapping into
the initialization stage to generate more uniformly distributed initial solutions. In contrast, others have incorporated
mutation operators inspired by genetic algorithms to perturb stagnant populations and evade local optima.
Moreover, adaptive weight strategies that dynamically balance exploration and exploitation capabilities during the
optimization procedure have demonstrated potential in enhancing the algorithm’s global search performance.

Notwithstanding these advancements, numerous existing improved SSA versions still encounter challenges
when dealing with complex high-dimensional optimization problems or maintaining stable convergence rates
across various types of objective functions. Consequently, further research is necessary to develop more robust
and versatile SSA variants that can effectively address the diverse optimization requirements of real-world
applications, such as engineering design, machine learning parameter tuning, and resource allocation problems.

To mitigate these limitations, this paper employs an enhanced SSA (SCSSA) that incorporates a sine/cosine
search strategy and a Cauchy mutation operator, as proposed ''*. The SCSSA procedure is outlined as follows:

(1) Step 1: Initialization: Initialize the sparrow population size N, maximum iterations /ter,,,, discoverer

proportion P, vigilance proportion Py, vigilance threshold R,, safety value ST. Randomly generate the initial
positions of the sparrows as follows:
X;j(i=12-N; j=1.2,---,D, Distheproblem dimension)
(2) Step 2: Fitness evaluation: Calculate the fitness value for each sparrow based on the objective function.
Identify the best fitness f,(best position X;,,) and the worst fitness £, (worst position X,,,) in the current population;
(3) Step 3: Discoverer update: The discoverers (the best P, X N Nsparrows) update their positions using a
strategy incorporating a nonlinear weight and a sine/cosine mechanism:

If R, < ST(no threat from natural predators):
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where ® is a nonlinear decreasing weight factor rp=1x (1 - ( )n)"(n = 1.5), rp,r3 € [0,27] are
random numbers.

If R, > ST{(existence of predator threat), the , in Eq. (1) is replaced by the r,.

(4) Step 4: Follower update: The remaining sparrows (followers) update their positions using a Cauchy

mutation strategy to enhance global search ability and escape local optima:

XE}—I = Xf)est + CaUChY(O:l) ® X{)est (2)

where Cauchy(0,1) is a random number from the standard Cauchy distribution, and & denotes element-wise
multiplication.

(5) Step 5: Vigilantes update: For vigilantes (sparrows with fitness values at the tail of the population Py X N),
position updates are performed under different scenarios:

If /> f.(sparrow is at the edge of the group):

Xlt.}_l = Xlt)est +B- |X1€.j - Xﬁestl ®)
where B is a step size control coefficient following a normal distribution.
If f;=f,(sparrow is in the center of the group):
xif! =xzj+k-§?%xi"’jﬂ @
L w

where k € (0,1), ¢ = 107°C, is the minimum value to avoid a denominator of 0.

(6) Step 6: Population update: Merge the updated positions of discoverers, followers, and vigilantes.
Recalculate the fitness of all sparrows and select the best N sparrows to form the new population;

(7) Step 7: Termination check: If the maximum iteration count /fer,,,, is reached, output the optimal solution;
otherwise, return to Step 2.

2.3. SCSSA-optimized VMD parameter selection

Selecting an appropriate fitness function is critical for guiding the SCSSA towards optimal VMD parameters (K,
a). Pipeline leakage signals are typically nonlinear and non-stationary. Envelope entropy is highly sensitive to
impulse components within such signals, making it a suitable candidate ") However, relying solely on envelope
entropy can lead to IMFs with high purity but potential frequency aliasing. To address this, an orthogonal index is
incorporated into the fitness function penalize mode mixing, effectively avoiding frequency overlapping problem
and ensuring the rationality of decomposition structure.

The orthogonal index quantifies the degree of orthogonality between different IMFs, with higher values
indicating less mode mixing. By combining envelope entropy and the orthogonal index, the fitness function can
simultaneously minimize the complexity of the decomposed signals and maximize the independence between
IMFs. This hybrid fitness function not only enhances the sensitivity to the impulse characteristics of pipeline
leakage signals but also ensures the structural integrity of the decomposition results, laying a solid foundation for
the subsequent accurate extraction of leakage features. In practical applications, the weights assigned to envelope

entropy and the orthogonal index in the fitness function can be adjusted according to the specific characteristics
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of the pipeline and the environmental noise level, allowing the SCSSA to adaptively search for the optimal VMD
parameters under different working conditions.

3. Experimental setup and analysis
3.1. Experimental data and parameters

The experimental pipeline was constructed from seamless steel with an outer diameter of 108 mm, a wall thickness
of 4.5 mm, and a total length of approximately 100 meters. The operating pressure ranged from 0.5 MPa to 2.0
MPa. A leakage orifice with a diameter of 1 mm was simulated '*!. The leakage pressure signals used in this study
are derived from the publicly available dataset provided by. The parameter search spaces for VMD were set as K€
[2, 10] and a€ [500, 5000]. The SCSSA population size was set to 30, with a maximum of 50 iterations.

3.2. Signal decomposition and denoising process

The SCSSA (Slime Cossinidae Swarm Algorithm) was utilized to determine the optimal parameter combination
for the VMD process, which was identified as K = 8 and a = 1496. By applying VMD with these specifically
optimized parameters to the noisy pipeline leakage signal, the method adaptively and effectively decomposed
the original signal into eight distinct Band-Limited Intrinsic Mode Functions (BLIMFs). As clearly illustrated in
Figure 1, each of these eight BLIMF components captures and represents information from different and specific
frequency ranges present within the complex noisy signal, thereby facilitating a more detailed and structured
analysis of the underlying data characteristics.
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Figure 1. Time-frequency representations of BLIMF component.
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Subsequent filtering of these BLIMFs was performed based on their correlation with the original signal,
energy distribution, and frequency characteristics. BLIMFs strongly correlated with leakage features (e.g.,
representing pressure transient events) and possessing significant energy were retained. BLIMFs dominated by
high-frequency noise were discarded. The denoised signal was reconstructed by summing the selected relevant
BLIMFs. The comparison between the original signal and the denoised signal is shown in Figure 2. The visual
comparison between the original signal and the denoised signal further confirms the effectiveness of the proposed

method, showing a smoother waveform that retains the essential leakage-induced pressure variations.

SCSSA-VMD Signal Denoising Comparison

oo o —— Original Signal {Ground Truth)
—— SCSSAVMD Denoised Signal

Amplitude:

Samples

Figure 2. Comparison of original and denoised signals.

3.3. Results and comparative analysis

The denoising performance was quantitatively evaluated using signal-to-noise ratio (SNR) and root mean square
error (RMSE). Higher SNR and lower RMSE values indicate superior denoising performance. The proposed
SCSSA-VMD method was compared against two established optimization algorithms for VMD parameter tuning:
the standard SSA-VMD and PSO-VMD.

As shown in Table 1, the SCSSA-VMD method achieved the highest SNR value of 24.490 dB and the lowest
RMSE of 0.0996 among the three algorithms. In contrast, the SSA-VMD method obtained an SNR of 24.1588 dB
and an RMSE of 0.1035, while the PSO-VMD method had the lowest SNR of 23.914 dB and the highest RMSE of
0.1065. These results clearly demonstrate that the proposed SCSSA-VMD method outperforms both the standard
SSA-VMD and PSO-VMD in terms of denoising performance. The superior performance of SCSSA-VMD can
be attributed to its enhanced ability to optimize the VMD parameters K and a. Specifically, the SCSSA-VMD
method selected a K value of 8 and an o value of 1496, which are different from the values chosen by the other
two algorithms. The higher K value might allow the method to better decompose the signal into more intrinsic
mode functions, capturing more detailed information and thus improving the denoising effect. Meanwhile, the
optimized o value could help in balancing the trade-off between the sparsity and smoothness of the decomposed
components, leading to a more effective noise reduction. The quantitative comparison through SNR and RMSE
metrics provides solid evidence that the SCSSA-VMD method is a more effective approach for VMD parameter
tuning in denoising applications.
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Table 1. Performance comparison of different denoising algorithms

Optimization algorithm K o SNR (dB) RMSE
SCSSA-VMD 8 1496 24.490 0.0996
SSA-VMD 3 3102 24.1588 0.1035
PSO-VMD 3 3652 23914 0.1065

The SCSSA-VMD algorithm achieved the most optimal parameter combination, resulting in the highest SNR
and the lowest RMSE. This indicates its superior ability to effectively separate noise from the underlying leakage
signal while preserving critical diagnostic information.

4. Conclusion

This study successfully addressed the sensitivity of VMD to subjective parameter selection in pipeline leakage
signal denoising by introducing an enhanced SCSSA for automatic parameter optimization. The SCSSA
incorporates sine/cosine searching and Cauchy mutation to improve global exploration and avoid local optima.
Experimental results demonstrate that the SCSSA-VMD method significantly outperforms traditional optimization
approaches like SSA and PSO, achieving superior denoising performance quantified by higher SNR and lower
RMSE. The proposed method effectively enhances the accuracy of pipeline leakage detection, contributing to
improved safety and reliability in natural gas pipeline operations. Future work will focus on validating the method
across a wider range of leakage scenarios and pipeline conditions.
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Abstract: The complex terrain of the hilly and mountainous regions in southwestern China presents significant challenges
to agricultural mechanization, resulting in a level that is markedly lower than the national average. Focusing on the key
development needs for intelligent agricultural machinery in these areas. This paper systematically delineates four core
technological domains: lightweight machine design, detachment and drag reduction in heavy clay soils, slope adaptability,
and remote operation and maintenance. The study aims to provide technical insights for overcoming the bottlenecks
in mechanizing hilly and mountainous agriculture, thereby contributing to rural revitalization and national agricultural
development strategies.
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1. Introduction

Southwestern China, characterized by its predominantly hilly and mountainous terrain and abundant agricultural
resources, serves as a strategic national hinterland and a vital production base for grains, oils, fruits, vegetables,
tea, and sugar. This region is thus crucial for ensuring the security of agricultural product supply. Data indicates
that cultivated land and crop-sown areas in the southwestern hills and mountains account for one-third of the
national total, involving nearly 300 million agricultural workers. Against a backdrop of complex international
dynamics, stabilizing agricultural production is of strategic importance for safeguarding national food security and
advancing rural revitalization """

However, the region’s complex terrain, steep slopes, and heavy clay soils pose formidable challenges. Large
and medium-sized machinery common in plains struggle with field access, operation, and maneuverability. The
limited availability of small machinery often necessitates manual labor, leading to high labor intensity and low

efficiency, which in turn constrains agricultural mechanization and intelligence development ). While the national
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comprehensive mechanization rate for crop cultivation, planting, and harvesting has reached 73%, it remains at
only 55% in hilly and mountainous areas. Taking potato cultivation as an example, with a national planting area of
approximately 4.67 million hectares, the southwestern mountainous regions, as the main production area, account
for 40.6% of this total. Yet, their comprehensive mechanization rate is below 30%, with mechanized planting and
harvesting rates under 10%. Furthermore, domestically produced tractors specialized for small plots and steep
slopes are lacking. Large-scale rice transplanters and combine harvesters are prone to bogging down in wet fields,
and there is a scarcity of lightweight machinery for transplanting and harvesting root crops (e.g., sweet potatoes) in
heavy clay soil ™.

Consequently, there is an urgent need for targeted technological breakthroughs to address the critical
bottleneck of having “no suitable machinery available, nor high-quality machinery accessible” for grain, oil,
fruit, and vegetable production in these regions. Such advancements would promote modern agricultural
development, foster rural economic prosperity and increased farmer income, and support national strategies for
rural revitalization and building an agricultural powerhouse. This paper systematically elaborates on four key
technology areas for intelligent agricultural machinery suited to the southwestern mountainous regions: lightweight
design, detachment and drag reduction in clay soil, slope adaptability, and remote operation and maintenance. The
goal is to guide future research, development, and application improvements.

2. Lightweighting technologies for mountainous intelligent agricultural machinery

Reducing the overall weight of machinery enhances its adaptability to small plots and steep slopes. This can be

achieved through structural, material, and process lightweighting strategies "',

2.1. Structural lightweighting technology

Structural lightweighting involves establishing optimization constraints through finite element-based continuum
topology and discrete structural topology optimization algorithms. This process enables the identification
of optimal lightweight structural solutions that meet performance requirements for body strength, modal
characteristics, noise, vibration, and harshness (NVH), and crashworthiness, thereby achieving overall weight
reduction !

2.2. Material lightweighting technology

Material lightweighting strategies include replacing ordinary steel with high-strength steel to reduce plate thickness
while maintaining performance. For specific structural components, substituting with aluminum-magnesium
alloys enables lightweight design that meets modal, stiffness, and reliability targets ”'. Research on optimizing
dimensional parameters for plastics and composites can also expand the use of lightweight non-metallic materials,

further reducing component weight.

2.3. Process lightweighting technology

Process lightweighting explores techniques like multi-material laser welding to reduce overall weight. Developing
component manufacturing technologies based on hot stamping and part redesign effectively addresses issues
with high-strength steel, such as limited deformation range, cracking susceptibility, and high spring back at
room temperature . Designing lightweight components (e.g., frames, control arms, steering rods) suitable for
hydroforming technology is also highly effective for reducing individual part mass.
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3. Detachment and drag reduction technology for heavy clay soils

Research on key technologies, including adhesion reduction and detachment for soil-engaging components, drag
and energy consumption reduction, reliability enhancement, and structural adaptability design, is essential to

improve machinery performance in the heavy clay soils prevalent in mountainous regions .

3.1. Adhesion reduction and detachment technology for soil-engaging components

Drawing on bionic principles, soil-engaging components can be designed with special structures and textures
inspired by the unique surfaces of dung beetles, earthworms, and burrowing animals to minimize soil adhesion
121 Surface modification techniques like carburizing and coating can further reduce adhesion. Additionally,
incorporating detachment mechanisms such as mechanical scrapers or vibration assistance enables active adhesion

reduction.

3.2. Drag and energy consumption reduction technology

Inspired by natural drag-reduction mechanisms (e.g., the skin structures of earthworms and pangolins), machinery
surfaces can be designed with bionic characteristics to decrease contact area and friction coefficients with soil
"3 Designing appropriate vibration generation mechanisms to induce specific frequencies and amplitudes during

operation can also reduce soil adhesion and friction forces on the equipment.

3.3. Reliability enhancement technology for soil-engaging components

Enhancing reliability involves developing impact- and wear-resistant materials and processing technologies
based on a tribological analysis of the “environment-component-material” system "'*. Utilizing high-strength,
wear-resistant materials ensures stable operation under complex loads. To meet the high toughness demands
of mountainous environments, new materials can be developed using tough alloys and fracture toughness
optimization, with heat treatment processes employed to refine microstructure and improve toughness and impact

resistance ",

4. Slope adaptability technology

Addressing the slope adaptability needs of both the machinery chassis and its implements through self-leveling
(16]

technologies is crucial for improving operational safety and quality on inclines
4.1. Implement slope adaptability technology

To mitigate issues like implement sinkage and poor ground contact, ground profiling mechanisms can be
optimized through design. Simulation software aids in analyzing and optimizing key components to obtain optimal
profiling parameters . Research into depth detection methods for working components can reduce adjustment
errors, enabling optimal parameter matching across different tillage conditions and thereby improving efficiency
and quality.

4.2. Chassis self-leveling technology
To counter the poor stability and overturning risks of lightweight machinery in complex terrain, a three-point
active leveling method based on position error can be employed. This approach addresses issues like leveling

interruption due to limited actuator (hydraulic/pneumatic cylinder) stroke and helps manage the machine’s center
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of gravity, enhancing anti-overturning capability and operational safety !'”.

5. Remote operation and maintenance technology

The complex working conditions in southwestern mountains lead to diverse and frequent machinery faults.
Studying fault diagnosis and prediction methods and developing remote O&M tools are vital for ensuring efficient

operation.

5.1. Fault diagnosis and prediction technology

Sensor data combined with Al algorithms enable real-time monitoring and fault diagnosis, facilitating early
detection of potential issues. Building on this, fault prediction models can forecast fault timing and severity,
allowing for preventive measures to avoid major failures and downtime "*. Fault simulation using digital twins
and physical models can replicate scenarios to refine diagnostic and predictive algorithms, improving their
accuracy and reliability.

5.2. Remote operation and management technology

[0oT platforms can connect machinery to remote O&M centers for remote diagnosis, online updates, and
maintenance guidance "**”. AR/VR technologies can provide remote assistance and virtual training, enhancing
maintenance efficiency and safety. Mobile apps and cloud platforms enable real-time location tracking, status

monitoring, and remote control, streamlining remote management.

5.3. Decision-making and optimization technology

Al and operations research algorithms can establish O&M decision models to automatically generate maintenance
suggestions and repair schedules. Big data analytics and machine learning can optimize resource allocation and
maintenance workflows, improve efficiency and reduce costs . Multi-objective optimization techniques can
balance factors like cost, reliability, availability, and safety to generate optimal O&M strategies.

6. Conclusion

This paper details key technologies for developing intelligent agricultural machinery in mountainous areas,
encompassing lightweight design, detachment and drag reduction in clay soil, slope adaptability, and remote
O&M. Lightweighting, achieved through integrated structural, material, and process optimization, enhances
adaptability to small, sloped plots. For clay soils, combining bionic design, surface modification, and vibration
techniques boosts operational efficiency. For slopes, chassis self-leveling and implement profiling optimization
improve safety and quality stability. For O&M, a remote intelligent system based on IoT, digital twins, and Al
enables fault prediction and optimized decision-making. These advancements provide a foundational framework

for overcoming mechanization barriers and promoting sustainable agricultural development in challenging terrains.
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Abstract: As universities expand in scale and diversify in functions, traditional fire safety management faces challenges
such as inefficient inspections and difficulty in tracing hazards. Technological innovation is key to enhancing efficiency,
focusing on the core needs of campus fire safety. Intelligent inspection technology is applied to facility monitoring, hazard
identification, and risk alerts, establishing a closed-loop system of monitoring, identification, disposal, and feedback. By
leveraging the characteristics of IoT, Al, and big data technologies, the innovative solutions encompass technological
integration, process optimization, and responsibility enhancement. This research aims to help universities overcome
traditional bottlenecks, strengthen fire safety safeguards, and drive management transformation toward precision,

intelligence, and efficiency.
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1. Introduction

Higher education institutions, with their dense populations and concentrated teaching/research facilities, face
critical fire safety challenges that directly impact faculty and student safety, property protection, and campus
stability. Traditional manual inspections suffer from limited coverage, delayed hazard detection, and delayed
corrective actions, making them inadequate for modern complex security management needs. With the rapid
advancement of technologies like IoT, Al, and big data, intelligent inspection systems have emerged as a game-
changer. These systems enable real-time facility monitoring, automatic hazard identification with precise location
tracking, and closed-loop management to ensure full-process controllability of corrective actions. This represents
an inevitable trend in fire safety management upgrades. This study focuses on relevant innovations to provide
valuable references for optimizing fire safety management models in higher education institutions.
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2. Current status and challenges of campus fire safety management in higher
education institutions

2.1. The traditional inspection mode is inefficient and has prominent limitations

University campus buildings are dispersedly arranged, encompassing multifunctional zones such as teaching
buildings, dormitories, laboratories, and libraries. The extensive yet scattered fire safety facilities require traditional
inspection methods that rely on manual verification by staff, consuming substantial manpower and material
resources while often leading to overlooked areas and human errors. The latent fire safety risks are difficult to
detect through manual inspections in real time. Inspection results are typically recorded in paper ledgers or basic
spreadsheets, with delayed information flow and hindered data sharing. This results in ineffective and non-targeted

inspection work, failing to meet the demands of dynamic campus fire safety management ',

2.2. The hidden danger rectification process is not closed-loop, resulting in disconnection
of management

Currently, some higher education institutions face challenges in integrating hazard identification with corrective
measures within their fire safety management systems. Inspections often lack a unified tracking mechanism, with
ambiguous accountability and insufficient oversight during implementation, resulting in delayed feedback on
remediation outcomes. Certain hazards persist due to delayed responses and incomplete rectifications, creating
a vicious cycle of detection, neglect, and recurrence. The absence of systematic analysis of hazard data hinders
comprehensive assessment of campus fire risks, prevents the formulation of targeted prevention strategies, and
ultimately increases the likelihood of safety incidents.

2.3. Lack of precision in the maintenance and management of fire protection facilities
Higher education institutions maintain diverse fire safety systems, including automatic fire alarm systems,
automatic fire suppression systems, emergency lighting, and evacuation guidance systems. Maintenance standards
and cycles vary significantly across these facilities. Traditional maintenance approaches rely on fixed-frequency
inspections and empirical judgments, lacking real-time monitoring of operational status, which often results in
either excessive maintenance or neglect *. Outdated, malfunctioning, or damaged facilities are not promptly
replaced, rendering them ineffective during emergencies and compromising campus fire safety. Incomplete
maintenance records and inconsistent standards further hinder full lifecycle management, impeding subsequent
maintenance efforts.

3. Technical support and application foundation of intelligent inspection for
campus fire safety in universities

3.1. Real-time monitoring of fire protection facilities by using IoT technology

IoT technology equips fire protection systems with diverse sensors to collect operational data in real time. Fire
hydrants and extinguishers are fitted with pressure sensors and position trackers, enabling real-time monitoring
of pressure compliance and placement accuracy. The automatic fire alarm system incorporates temperature and
smoke sensors, swiftly detecting anomalies and transmitting them to management terminals. Sensor data is
wirelessly relayed to backend servers, enabling remote dynamic control of fire protection systems. This innovation
eliminates the time and space constraints of traditional manual inspections, expands coverage, and enhances

response efficiency, providing precise data support for fire safety management.
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3.2. Al technology improves the accuracy of hidden danger identification

The image recognition and pattern analysis capabilities of artificial intelligence provide support for automatic
identification of fire hazards in universities. Intelligent cameras deployed in critical campus areas utilize computer
vision to automatically detect typical hazards such as improper use of fire and electricity, blocked fire exits, and
obstructions to fire facilities . By analyzing historical data through machine learning to build identification
models, the system continuously improves detection accuracy and response efficiency. The intelligent system
instantly delivers alerts to prompt administrators to take swift action, reducing human judgment errors and

enabling early detection, timely warnings, and prompt resolution of hazards.

3.3. Big data technology helps to analyze risk situation

Big data technology integrates and analyzes campus fire safety data, including inspection records, hazard
management archives, facility operational parameters, and real-time weather conditions. The analytical platform
deconstructs this information through multidimensional analysis to identify high-risk zones, recurring hazard
categories, and latent risk nodes. It generates risk assessment reports that enable management teams to develop
targeted inspection and prevention strategies. This approach optimizes resource allocation, shifting from reactive
responses to proactive prevention. The system provides data-driven support for fire facility maintenance planning
and emergency response optimization, thereby enhancing the scientific rigor and predictive capabilities of campus

fire safety management .

4. Intelligent inspection and closed-loop management system construction of
campus fire safety in colleges and universities

4.1. Constructing a multi-level intelligent inspection system architecture

The campus fire safety intelligent inspection system adopts a four-layer architecture: perception layer, transmission
layer, platform layer, and application layer. The perception layer utilizes sensor devices, smart cameras, and
mobile inspection terminals to comprehensively capture data on fire facilities, environmental parameters, and
personnel activities. The transmission layer ensures data flow through wireless communication networks and loT
gateways. The platform layer coordinates data storage, analysis, processing, and sharing while enabling centralized
management and scheduling. The application layer provides diverse services, including task allocation and hazard

reporting to meet campus fire safety management needs.

4.2. Establish a closed-loop management process for monitoring, identification, disposal,
and feedback

Closed-loop management forms the core foundation for intelligent inspection. Smart equipment continuously
monitors fire protection systems and environmental conditions, ensuring real-time data updates. Al automatically
identifies potential hazards, with manual verification to guarantee accuracy. The rectification process clearly
defines responsibilities, standards, and timelines, while the platform dynamically assigns tasks and tracks
progress. Managers provide real-time supervision, and upon completion, executors upload progress reports. The
system verifies, accepts, and archives the results, with data incorporated into big data analytics to support future
optimizations, forming a closed-loop process.
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4.3. Improving the responsibility and coordination mechanism of closed-loop
management

The implementation of a closed-loop management system requires clear delineation of responsibilities and
coordinated collaboration. It is essential to define the roles of the school’s fire safety management department,
secondary units, and individuals, with inspection, rectification, and maintenance responsibilities progressively
assigned to ensure accountability at every level. A cross-departmental collaboration platform should be established
to strengthen coordination between fire safety, logistics, student management, and academic departments, enabling
information sharing, resource integration, and joint response. Hazard rectification should be led by the logistics
department for facility maintenance, with student management departments assisting in regulating student
conduct. The performance evaluation mechanism should incorporate fire safety management effectiveness into
departmental and individual assessments, motivating proactive performance and ensuring the stable operation of
the closed-loop system.

5. Innovative path of intelligent inspection and closed-loop management of campus
fire safety in colleges and universities

5.1. Technology integration and innovation enhance the overall efficiency of the system

The deep integration of IoT, Al, and big data technologies drives the functional optimization of intelligent
inspection systems. Al-powered image recognition and IoT sensor data mutually reinforce each other, expanding
the scope of hazard identification and enhancing detection accuracy. Big data analytics thoroughly examine
inspection and rectification data, providing scientific support for fire safety risk prediction and decision-making.
Mobile internet technology enhances the functionality of inspection terminals, enabling real-time task acceptance
and instant hazard reporting. This improves inspection convenience and efficiency while facilitating seamless
coordination with smart fire protection equipment for remote control and intelligent resource allocation, ultimately

elevating campus fire safety emergency response capabilities.

5.2. Innovation in management models to optimize resource allocation efficiency

Intelligent inspection and closed-loop management are revolutionizing fire safety management models in
universities. By transcending traditional decentralized frameworks, they establish centralized intelligent control
platforms to facilitate streamlined and refined management. Leveraging big data analytics, these systems optimize
inspection routes and frequencies, delineate risk zones, conduct intensive checks in high-risk areas, and allocate
resources scientifically in low-risk zones, thereby enhancing targeted and efficient inspections. The framework
also establishes a full lifecycle management system for fire protection facilities, systematically documenting
procurement, installation, and other process information. This promotes precise standardization of maintenance,

reduces costs, and optimizes resource allocation.

5.3. Concept and cultural innovation to strengthen the safety awareness of all staff

The implementation of technology and closed-loop management requires a safety-oriented culture. Universities
should enhance fire safety education by utilizing platforms such as official websites, WeChat accounts, and smart
inspection systems to disseminate fire safety knowledge, share case studies of hazards, and showcase rectification
outcomes. This strengthens faculty and students’ awareness and self-protection capabilities. The intelligent

platform introduces a hazard reporting channel to facilitate feedback on campus fire risks, fostering a collaborative
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environment where everyone participates in governance. Integrating fire safety culture into the overall campus
culture, activities like themed events, knowledge contests, and emergency drills reinforce responsibility. This
approach transforms fire safety awareness and active participation into a natural habit, laying a solid ideological

foundation for the smooth advancement of related initiatives.

6. Conclusion

The intelligent inspection and closed-loop management innovation in campus fire safety is pivotal to addressing
complex challenges and advancing modern management standards. Empowered by technologies like IoT, Al, and
big data, these systems overcome traditional limitations by enabling dynamic monitoring of fire facilities, precise
hazard identification, and proactive risk alerts. The closed-loop system of monitoring, identification, response,
and feedback ensures full-chain controllability in hazard rectification. To enhance management effectiveness,
universities must align with their specific contexts, fostering collaborative innovation in technology, management,
and safety culture while refining relevant mechanisms. With continuous technological advancements, campus
fire safety management will become increasingly intelligent, refined, and efficient, creating a secure environment
for faculty and students and providing robust support for the high-quality development of higher education

institutions.
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1. Introduction

Electrical and electronic engineering is a foundational technology that underpins the development of strategic
emerging industries such as modern information technology, intelligent manufacturing, new energy, and aerospace.
The proficiency of relevant professionals in the knowledge system of electrical and electronic engineering directly
determines the quality of their training. In higher engineering education, theoretical instruction and practical
training are as indispensable as the two wheels of a cart or the two wings of a bird. Electrical and electronic
laboratories serve as the primary battleground for practical teaching. They function as both a “testing ground”
for theoretical knowledge and a “training camp” for fundamental skills, while also acting as an “incubator” for
cultivating engineering thinking, stimulating innovation capabilities, and shaping a scientific spirit.

As the wave of higher engineering education reform, epitomized by the “New Engineering” initiative,
deepens, and as industry demands increasingly higher levels of engineering practice capabilities and innovative
qualities from graduates, the traditional concepts and management models of electrical and electronic laboratories
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face unprecedented challenges. Historically, these laboratories primarily focused on verification experiments,
featuring single-function equipment, rigid management approaches, and insufficient resource accessibility.
Such laboratory structures struggle to meet the new demands for cultivating students’ abilities to solve complex
engineering problems and integrate across disciplines. Consequently, systematically reconstructing the laboratory’s
hardware environment, innovatively optimizing its operational management mechanisms, building a high-caliber
experimental teaching team, and establishing a robust safety defense system to comprehensively enhance the
laboratory’s overall effectiveness have become a critical and urgent issue in university teaching reform -,
Against this backdrop, this paper aims to transcend the limitations of conventional thinking. It seeks to
comprehensively examine and explore the construction and management of electrical and electronic laboratories
from a more holistic, systematic, and forward-looking perspective. By analyzing the current state, diagnosing
issues, and proposing solutions, it seeks to explore a new path for laboratory construction and management that not
only meets current teaching needs but also adapts to future technological developments. This approach combines
scientific rigor, efficiency, and safety, providing a solid platform to cultivate high-caliber electrical and electronic

professionals capable of addressing future challenges.

2. The core role and value reinvention of electrical and electronic laboratories in
talent development

Against the backdrop of engineering education accreditation, the cultivation of students’ engineering practice
and innovation capabilities has been elevated to unprecedented importance. The role of electrical and electronic
laboratories extends far beyond merely supporting theoretical instruction as they are undergoing a profound

reevaluation of their core functions.

2.1. From theoretical validation to knowledge-building accelerator

Traditional laboratory instruction primarily aims to verify theoretical formulas and theorems, such as validating
Kirchhoff’s Voltage Law (KVL) and Current Law (KCL) through actual circuit connections. However, modern
educational philosophy places greater emphasis on active knowledge construction. A well-designed laboratory
environment should guide students in transitioning from “verifiers” to “explorers.” For instance, after completing
fundamental circuit characteristic tests, students can engage in extended tasks such as “analyzing the impact of
parameter variations on system performance” or “investigating errors introduced by non-ideal components.”
When students observe phenomena in experiments that deviate slightly from theoretical predictions, they should
be guided to analyze the source of these deviations, whether it stems from instrument accuracy, connection wire
resistance, or environmental interference. This process itself represents a deeper level of understanding, critical
evaluation, and internalization of theoretical knowledge, achieving a leap in knowledge construction from merely
knowing “what” to comprehending “why” ',

2.2. From skill training to engineering capability development arena

Proficiency in using instruments such as oscilloscopes, signal generators, and multimeters, along with the
ability to correctly solder and assemble circuits, constitutes the fundamental skills in the field of electrical and
electronic engineering. However, modern engineering capabilities extend far beyond these basics, encompassing
comprehensive competencies such as system design, project management, teamwork, and communication skills.

Laboratories should serve as integrated training grounds for cultivating these competencies. By adopting the
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Project-Based Learning (PBL) model, students work in teams to experience the complete engineering process:
project initiation, solution design, simulation optimization, procurement and material preparation, hardware
implementation, debugging and testing, report writing, and final presentation. For instance, a project like
“Microcontroller-Based Intelligent Temperature and Humidity Monitoring System” not only hones students’ circuit
design, programming, and debugging skills but also subtly cultivates essential soft competencies: project planning,
cost control, team division of labor and collaboration, and technical documentation writing. These represent the
core competencies indispensable for future engineers .

2.3. From imitative learning to innovation-sparking catalyst

Innovation stems from free exploration and persistent trial and error. Traditional “recipe-style” experiment
manuals largely constrain students’ thinking. Establishing open innovation labs equipped with abundant
components, open-source hardware (e.g., Arduino, Raspberry Pi), programmable logic devices (e.g., FPGA), and
essential testing facilities encourages students to pursue self-selected topics and engage in free exploration .
Moreover, an “Innovation Fund” program that can support students’ unconventional ideas should be established,
and competitions like electronic design contests or the Challenge Cup should be organized to foster learning and
innovation through competition '’ When students repeatedly test different solutions and overcome technical
hurdles to solve real-world problems, their critical thinking, divergent thinking, and innovative problem-solving
abilities are most effectively stimulated and honed.

2.4. From individual learning to collaborative community for teamwork and professional
growth

Modern engineering projects are almost invariably the result of teamwork. The open environment of the
laboratory naturally provides students with a space for collaborative exchange. Within project teams, members
must jointly discuss technical solutions, allocate tasks reasonably, cross-check code and circuits, and collectively
overcome debugging challenges. This process not only enhances technical expertise but also cultivates team spirit,
accountability, and communication skills. Simultaneously, the laboratory’s rigorous 5S management (Sorting,
Straightening, Sweeping, Sanitizing, Sustaining), strict safety protocols, and instrument usage standards subtly
instill a meticulous, disciplined scientific approach and strong professional ethics. This lays a solid foundation for
students’ seamless transition from “student” to “professional” .

3. Analysis of deep-seated issues in the construction and management of electrical
and electronic laboratories

Although the importance of laboratories has become widely recognized, their construction and management still
face numerous deep-seated contradictions that require urgent resolution in many universities, particularly regional

institutions and newly established colleges.

3.1. The aging and unbalanced hardware infrastructure cannot support cutting-edge
teaching
Current laboratory equipment faces numerous issues as follows:
(1) Equipment upgrades lag behind technological advancements. Many labs still rely on traditional box-style
workbenches with fixed core functions and unchanged experimental procedures for years. Advanced
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equipment widely adopted in industry, such as virtual instruments, programmable system-on-chip devices,
industrial robots, and IoT modules, remains scarce in academic settings. This gap between “what is taught
in schools” and “what is used in enterprises” forces graduates into lengthy retraining cycles;

(2) Equipment configurations suffer from structural imbalance. On one hand, low-end equipment for basic
experiments is redundantly over-configured with low utilization rates. On the other hand, high-end and
specialized equipment essential for cutting-edge research and comprehensive, innovative experiments is
severely lacking. This contradiction of “too much of some and too little of others” limits the depth and
breadth of experimental teaching content;

(3) A widespread tendency to “prioritize hardware over software” prevails. Equipment procurement
often focuses solely on hardware specifications while neglecting complementary software, simulation
platforms, teaching resource libraries, and post-purchase upgrade services. Consequently, advanced
hardware devices fail to achieve their full potential due to the absence of suitable “souls” to complement

them ¥

3.2. The closed and inefficient management model stifles the enthusiasm of both faculty
and students

Laboratory management faces multiple challenges. The “teacher-centered” closed-door approach strictly limits
operating hours to scheduled classes only. Experiment content, procedures, and methods are predetermined by
instructors, leaving students to execute tasks passively. While this “nanny-style” management facilitates control,
it severely stifles students’ initiative for independent learning and exploration. Simultaneously, low levels of
laboratory informatization result in high management costs. Many labs still rely on paper logbooks for equipment
borrowing and consumable collection, while experiment reservations require multi-level relay through class
representatives or student committee members. This traps administrators in tedious administrative tasks, preventing
effective analysis and optimization of equipment status, usage data, and experimental outcomes. Furthermore, the
evaluation system is simplistic and lacks incentive-driven mechanisms. Student assessments often focus solely on
whether lab reports are neatly formatted or data aligns with expectations, overlooking critical aspects like critical
thinking, experimentation, collaboration, and innovative contributions during the process. Similarly, evaluations
for lab instructors and administrators fail to adequately reflect the complexity and creativity inherent in their roles,

ultimately undermining team stability and work enthusiasm """,

3.3. The insufficient quantity and capability of the teaching staff constrain the
improvement of educational standards

University laboratory teaching staff face multiple challenges. In terms of team structure, there exists a “generation
gap” issue. High-level laboratory instructors require both solid theoretical foundations and extensive engineering
practice experience. However, universities often prioritize academic publications and research projects during
talent recruitment, making it difficult to attract “dual-qualified” professionals with industry backgrounds. Among
existing faculty, younger instructors lack experience, while older ones may have outdated knowledge structures,
creating a generational disconnect. Career advancement pathways remain narrow. Within many university
evaluation systems, faculty in experimental teaching series face disadvantages in promotion and resource allocation
compared to theoretical course instructors and research-focused faculty. This discourages talented individuals from
pursuing experimental teaching roles, resulting in poor team stability and high turnover. Furthermore, the training
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system is inadequate, with insufficient systematic and cutting-edge training for laboratory technicians. This hinders
their ability to keep pace with new technologies and master new equipment, thereby affecting the updating of

experimental teaching content and the improvement of teaching effectiveness !'"'*.

3.4. The weak safety management awareness system poses significant latent risks

Laboratory safety management harbors significant hidden dangers that cannot be overlooked. There is a severe
lack of safety culture and weak safety awareness. Faculty and students commonly hold the mistaken notion
of “prioritizing operations over safety,” believing that low-voltage electrical and electronic experiments pose
minimal risk. They lack sufficient understanding of potential hazards such as electric shock, short circuits, fires,
device explosions (e.g., reverse connection of electrolytic capacitors), and high-frequency radiation. This leads
to safety education and training remaining superficial and failing to take root. Conversely, there are significant
shortcomings in policy enforcement and regulatory blind spots. Although formal laboratory safety codes exist,
factors like tight class schedules and insufficient oversight personnel often lead to compromised implementation.
This is particularly evident in student-led open labs and innovation projects, where unsafe behaviors lack effective
real-time monitoring and early warning mechanisms. Furthermore, inadequate investment in safety facilities and
poor maintenance are prominent issues. Laboratories commonly lack essential safety signage, emergency lighting,
and first-aid equipment. Critical safety installations like residual current devices (RCDs) and fire extinguishers are
not subject to mandatory periodic inspections, making their effectiveness difficult to guarantee. Should an accident

13
occur, the consequences could be severe .

4. Systematic improvement measures and implementation pathways for the
construction and management of electrical and electronic laboratories

To address the aforementioned issues, systematic reform measures must be implemented, advancing in a
coordinated manner across four dimensions (hardware, management, personnel, and safety) to achieve the

comprehensive transformation and upgrading of laboratories.

4.1. Establish a modern hardware platform system that integrates virtual and physical
elements and advances in a tiered, progressive manner

To comprehensively enhance laboratory construction standards, coordinated advancement across three levels is
required as outlined:

(1) At the foundational level, emphasis should be placed on updating and optimizing traditional laboratory
equipment. Core, frequently used fundamental equipment should undergo systematic upgrades to ensure
precision and reliability. Concurrently, older equipment with functional viability should have its lifespan
extended through third-party technical services and regular calibration. Additionally, modular retrofits
can be implemented for certain traditional lab benches, converting fixed experimental circuits into freely
pluggable modules. This approach increases experimental flexibility, facilitates student-designed circuitry,
and reduces long-term maintenance costs;

(2) In the enhancement layer, vigorously develop a “virtual-physical integration” experimental model. On one
hand, introduce high-performance virtual instruments by procuring PC-based virtual instrument systems
and building integrated hardware-software experimental platforms with relevant software. This allows

students to perform circuit simulation and program design on computers before conducting real-time data
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acquisition and system control via hardware platforms, achieving seamless integration between simulation
and reality. In addition, establish a cloud-based circuit simulation laboratory. Utilize specialized software
to build an online simulation platform, enabling students to design circuits and perform simulation
analyses anytime, anywhere via personal computers. This effectively alleviates the spatial and temporal
constraints of physical laboratories, making it particularly suitable for experiment preparation, complex
system analysis, and experimental instruction during special periods;

(3) At the innovation level, an open, comprehensive innovation platform must be established. This includes
setting up open innovation labs with dedicated spaces equipped with diverse tools like 3D printers and
laser engravers, operating on a 24*7 reservation basis to support student course projects and graduation
designs. Additionally, cutting-edge industrial-grade equipment such as PLCs should be introduced
based on the university’s disciplinary strengths, exposing students to real-world industrial technology

ecosystems and broadening their technical horizons "'\

4.2. Implementing a modern management model characterized by “smart openness and
data-driven decision-making”

To elevate laboratory construction and management to new heights, coordinated efforts must be made across three
dimensions: system development, management mechanisms, and evaluation incentives. For instance:

(1) An integrated laboratory information management system should be established, with core functional
modules encompassing access control, equipment reservations, consumables requisitioning, fault
reporting, data statistics, and security monitoring. Students can reserve lab benches and borrow
instruments via a mobile app or web portal, enabling one-click service. Simultaneously, the system
automatically records equipment utilization rates, failure rates, and other metrics. Through data analysis,
administrators can accurately assess equipment configuration rationality, optimize consumables
procurement plans, and provide data support for teaching reforms;

(2) Fully implement an open management operation mechanism. While ensuring scheduled teaching
activities, maximize laboratory access hours, including evenings and weekends, by permitting cross-
disciplinary and cross-grade student entry. Beyond mandatory experiments, laboratories will offer diverse,
abundant elective projects for student selection. Students are actively encouraged to propose independent
experimental topics aligned with their interests and research directions. To support students in conducting
independent innovation experiments, the laboratory will establish a “Project Mentor System.” This
system will assign specialized mentors to each student’s independent innovation project, providing
comprehensive and detailed guidance throughout all stages: experimental design, implementation, and
problem-solving;

(3) We will reform the experimental teaching evaluation and incentive mechanisms by establishing
a diversified assessment system. This system will incorporate pre-experiment preparation and
operational compliance into overall grades, utilize information systems to track student participation
and contributions, and introduce awards such as the “Experimental Teaching Achievement Award.”
Achievements like guiding academic competitions will serve as the key criteria for professional title
evaluations and performance assessments, thereby stimulating the intrinsic motivation of the teaching

team "',
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4.3. Build a dual-qualified faculty team that combines full-time and part-time instructors
with outstanding capabilities

To strengthen the development of the experimental teaching faculty, a dual-pronged approach combining internal
cultivation and external recruitment is essential. At the internal cultivation and advancement level, establish a regular
training mechanism to periodically organize faculty participation in training on new technologies, equipment, and
teaching methods. Simultaneously, encourage and fund experimental instructors to undertake visits, exchanges,
and job shadowing at high-level domestic and international universities or renowned enterprises. We must also
promote mutual growth between teaching and research by encouraging laboratory instructors to engage in research
projects, transforming research outcomes into comprehensive and research-oriented laboratory programs, and
support them in summarizing experiences from laboratory management and teaching reforms, applying for
teaching research projects, and publishing papers on pedagogical innovation. Regarding external recruitment
and resource sharing, we should flexibly recruit industry experts by appointing senior corporate engineers and
technical directors as industry mentors or adjunct professors. They should be invited to regularly deliver lectures
on campus, supervise graduation projects, and collaborate on experimental development, thereby introducing
cutting-edge engineering case studies and practical expertise into the academic environment. Concurrently,
establish joint university-industry laboratories through collaborations with leading enterprises. Companies provide
equipment, technical expertise, and training support, while the university contributes facilities and talent resources.

This approach not only enhances hardware capabilities but also cultivates a permanent cohort of industry mentors
[16]

4.4. Establish a safety assurance system characterized by “full participation and end-to-
end controllability”

To fortify laboratory safety defenses, a systematic approach must be implemented across three dimensions:
institutional culture, technical controls, and emergency response as listed:

(1) Prioritize institutional frameworks and cultural norms: On one hand, establish a robust safety
accountability system by clearly defining responsibilities at all levels, including the college, laboratory
directors, faculty advisors, administrative staff, and students, through signed safety agreements that
enforce the principle of “whoever uses is responsible, whoever manages supervises.” Additionally,
cultivate a safety-conscious laboratory culture. Conduct regular safety awareness campaigns through new
student orientation, safety knowledge competitions, promotional posters, and WeChat official account
posts. Implement safety knowledge assessments as a mandatory prerequisite for laboratory access, where
individuals who fail the assessment are prohibited from entering;

(2) Prioritize both technical and human safeguards: Strengthen safety infrastructure by equipping every
lab with adequate firefighting equipment, emergency medical kits, and emergency power-off buttons.
Physically isolate high-voltage experimental zones with warning signage and provide protective gear for
high-frequency/high-voltage experiments. Implement intelligent safety monitoring by installing video
surveillance and smoke detectors for real-time alerts. Equip critical devices with smart power management
systems for automatic overcurrent, overvoltage, and leakage protection, integrated with management
systems to log abnormal operations;

(3) Emergency management and response must be strengthened. Detailed contingency plans for incidents
such as electric shock, fire, and chemical spills should be developed and prominently displayed.
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Additionally, at least one full-scale fire evacuation and first-aid drill involving all personnel should be
conducted each semester to ensure faculty and students are familiar with escape routes and basic first-aid

techniques, thereby effectively enhancing practical capabilities for handling emergencies !'”.

5. Conclusion

The construction and management of electrical and electronic laboratories constitute a complex systemic endeavor
involving philosophy, technology, institutional frameworks, and culture. Their modernization is by no means an
overnight transformation. This paper systematically constructs a four-pronged reform framework, grounded in a
“hybrid hardware platform,” driven by an “intelligent and open management model,” anchored by a “dual-qualified
faculty,” and safeguarded by a “comprehensive safety system covering all personnel and processes.”

This framework aims to achieve as follows:

(1) Meet multi-tiered teaching demands from fundamental verification to cutting-edge innovation through

tiered hardware development;

(2) Unlock laboratory resource potential and stimulate faculty-student initiative via information-driven and

open management reforms;

(3) Cultivate a dual-qualified faculty pool proficient in both theory and practice;

(4) Fortify the lifeline of sustainable laboratory development through a safety system emphasizing both

cultural values and technological safeguards.

Looking ahead, with the rapid advancement of technologies such as artificial intelligence, big data, 5G, and
the Internet of Things, electrical and electronics laboratories will inevitably evolve toward greater intelligence,
networking, and personalization. Only by adhering to the principles of “student-centeredness, competency-based
education, and safety as the bottom line,” and through continuous exploration and bold implementation, can
electrical and electronic laboratories truly become the cradle for cultivating outstanding engineering talent. This
will contribute indispensable educational strength to China’s transformation from a major manufacturing nation to

a manufacturing powerhouse.
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Abstract: To meet the requirements of high performance, low cost, and modularity in robotic arm joints, this study designs an
integrated brushless motor drive and control system. The system selects the STM32G473 microcontroller as the control chip
and adopts field-oriented control as the primary motor control algorithm. Meanwhile, the drive and control system design is
completed from both hardware and software aspects. Finally, the study performs closed-loop experiments on the robotic arm
joint. The experimental results demonstrate that the designed drive and control system for robotic arm joints exhibits a favorable

dynamic response and steady-state performance, making it suitable for controlling desktop-level and lightweight robotic arms.
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1. Introduction

Since the mid-20th century, with the rapid development of computer technology and automatic control, robotic
arm technology has emerged and quickly become an important driving force for industrial automation and
intelligence . Over several decades of development, robotic arm technology has gradually matured, with research
extending beyond traditional industrial manufacturing into emerging domains such as healthcare, service, and
education. These new application scenarios impose higher demands on the lightweight design and flexibility of
robotic arms *!. In the control of a robotic arm, the joint motor, as the actuator driving the arm, has a direct impact
on stability, dynamic performance, and execution accuracy . However, traditional robotic joints often employ
a separate drive-control design, which generally suffers from high costs and low integration. These drawbacks
become increasingly pronounced in miniaturized and modular application scenarios *!. Therefore, balancing
performance, cost, and integration in joint drive and control systems has become a current research focus, and
integrated drive and control design has emerged as a new development trend. In response to the above needs, this
study designs an integrated drive and control system for robotic arm joints, conducting research from two aspects:
hardware circuit design and motor control algorithm development. Experiments verify the system’s performance

advantages in brushless motor control.
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2. System hardware design

In terms of hardware selection, factors such as performance, cost, and integration are considered. The system

hardware block diagram is shown in Figure 1.
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Figure 1. Hardware block diagram of the brushless motor drive and control system.

The main control chip selects the STM32G473 microcontroller as the computational core for the motor
control algorithm. The drive section utilizes the DRV8313 three-phase brushless motor driver, and together with
the AS5048A magnetic encoder and INA240A2 current-sensing chip, implements closed-loop motor control.
Additionally, the drive and control board offers an FDCAN interface for data exchange with the host computer.
The circuit design of each module is described in detail below.

2.1. Control module

The circuit design of the control module is shown in Figure 2, which comprises the MCU and its peripheral
circuits. The motor drive control board selects the STM32G473 microcontroller as the control chip, featuring a
single-precision FPU and a DSP instruction set, with a maximum frequency of 170 MHz. It is capable of handling
the complex computations required by motor control algorithms. The MCU communicates with sensors, the driver
module, and the host computer via SPI and FDCAN interfaces. Additionally, a UART serial port and an LED
indicator are reserved to facilitate subsequent system development and debugging.
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Figure 2. Control module circuit.
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2.2. Motor drive module

The motor drive module employs the DRV8313 integrated driver chip, which internally integrates a complete
pre-driver and three-phase half-bridge circuit. The input supply voltage ranges from 8V to 60V, and each half-
bridge channel can deliver a peak current of up to 2.5A. The circuit of the drive module is shown in Figure 3. The
STM32 controls the enable and conduction states of the three-phase drive through ENx and INx pins, respectively.
The pre-driver amplifies these control signals to drive the power MOSFETSs, which ultimately output to the three-
phase windings via OUTX pins, achieving motor drive and control.
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Figure 3. Motor drive module circuit.

2.3. Current sensing module

The circuit of the current sensing module is shown in Figure 4. The three-phase currents are measured using a
combination of the dual-shunt resistor sampling method and the built-in current sensing function. The circuit
directly connects the shunt resistors in series with the output terminals of motor phases U and V, amplifying the

differential voltage across each resistor with a fixed gain of 50 V/V. The resulting output voltage signals are then
fed into the ADC channels of the STM32.
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Figure 4. Current sensing module circuit.

2.4. Communication module

In this study, the robotic arm joint employs a distributed control architecture. Each joint controller exchanges high-
frequency, bidirectional data with the host computer within a short time frame. Consequently, the communication
scheme must ensure high speed, low latency, and strong reliability. To meet these requirements, the system uses
the FDCAN protocol and employs the TJA1051T high-speed CAN transceiver, which supports data rates up to 5
Mbit/s to ensure reliable communication. The FDCAN communication module circuit is shown in Figure 5.
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Figure 5. Communication module circuit.

2.5. Step-down module

The input voltage range of the motor drive and control board designed in this paper is 12V to 24V. To meet the
power requirements of different modules, a multi-stage step-down scheme is adopted. As shown in Figure 6, the
first-stage step-down circuit employs the synchronous step-down DC-DC converter SY8303AIC to convert 24 V
to 5 V. The second-stage step-down then utilizes the linear LDO regulator RT9013-33GB to convert 5V to 3.3V.
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U vouT ﬂ
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co7 _I* cos CE  NCP
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(9]

RT9013-33GB-MS

[ O | oo
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Figure 6. Step-down module circuit.

2.6. Magnetic encoder module

To improve the control accuracy and real-time performance of the robotic arm joints, the AS5048 A magnetic
rotary encoder is selected to acquire the motor angle information. This encoder features 14-bit high-resolution
absolute angular measurement. The magnetic encoder module circuit is shown in Figure 7. Communication with
the STM32 is achieved via the SPI interface, enabling high-speed data transmission and ensuring that joint angle
information is fed back to the STM32 in real-time.
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Figure 7. Magnetic encoder module circuit.

2.7. PCB design

The robotic arm joints employ an integrated design for the drive unit, which requires the integration of the reducer,
motor, position sensor, and drive control board within the joint. Therefore, the designed PCB should be as compact
as possible. Board size constraints make two-layer routing difficult, so the design adopts a four-layer PCB. The
PCB design and physical layout are shown in Figure 8 and Figure 9, with a board outline of 49 mm * 10 mm and
all components placed on the top layer only. The top and bottom layers serve as signal routing layers, the GND

layer forms a continuous ground plane, and the power layer carries only partial power traces.
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Figure 9. Physical board of the board.
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3. Brushless motor FOC control

The Common control methods for BLDC motor include square wave control, sine control, and FOC control. In
contrast, the first two methods suffer from limitations in terms of precision and stability. The FOC control can
achieve high efficiency, smooth torque output, and high-precision position control over the full speed range, better
meeting the stability and precision requirements of robotic arm joints. Therefore, this study adopts FOC as the core
control algorithm for the BLDC motor.

FOC, also known as magnetic field-oriented control, is a type of vector control . The basic framework of
FOC control is shown in Figure 10. Its core idea is to decompose the stator current into a direct-axis component
(/,) controlling the field excitation and a quadrature-axis component (/,) controlling the torque through a series of
coordinate transformations, and regulating them independently to achieve high-precision control of the motor’s
magnetic field and torque. Meanwhile, three cascaded loops-position, speed, and current-are adopted, and the

performance of each loop is optimized using PID control.

Position Loop + Speed Loop + Current Loop
Positon_Ref Speed_Ref I4_Ref u Uy
—
_ TLRef Uy RevPark Ug SVPWM
PI "
fo
I‘i’ IC(
o w Iy Park | /g | Clark
@
Encoder

Figure 10. FOC three-loop control framework.

3.1. Clarke and Park transformation

The Clarke transformation is based on the principle of electromagnetic equivalence between the three-phase
winding and two orthogonal windings . It projects the current variables from the three-phase stationary reference
frame onto a two-phase stationary orthogonal coordinate system. As shown in Figure 11, the current variables /7,
1,, and [, in the A-B-C coordinate system are projected on the o and 3 axes, to obtain the current components /, and

1, in the two-phase stationary coordinate system.

Figure 11. Clark transform.

Based on the coordinate relationships shown in Figure 11, the Clarke transformation can be expressed as

follows:
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After the Clarke transformation, the control variables are reduced from three to two, while the signal
frequency remains unchanged before and after the transformation. However, the transformed variables /, and 1,
remain sinusoidal and thus nonlinear.

Next, the Park transformation is applied to convert the two-phase stationary a-f coordinate system into
the rotating d-q coordinate system, aligning with the rotor magnetic field. In this coordinate transformation, the
d-axis is always aligned with the rotor flux direction, and the g-axis is orthogonal to the d-axis. This ensures that
the current components maintain a fixed relationship with the magnetic field. As shown in Figure 11, the current
components /, and /; in the a-f coordinate system are projected onto the d-g coordinate system.

Based on the coordinate relationships shown in Figure 12, the Park transformation can be expressed as

follows:
1d=1aC059+IBSl'n9 (2)
{Iq =—1I,sin6 +1Igcosb

Where 0 is the rotor electrical angle. Through this transformation, the d-axis current /, and g-axis current /, in

the rotating d-q coordinate system are obtained, thereby achieving decoupling and simplification of motor control.

Figure 12. Park transform.

3.2. Space vector pulse width modulation

Through the inverse Park transformation, the AC reference voltage signals in the two-phase rotating d-g coordinate
system, U, and Uj, are obtained. These signals then need to be converted into three-phase voltages U,, U,, and U,
to drive the three-phase inverter circuit. Therefore, Space Vector Pulse Width Modulation (SVPWM) is employed
to generate six high-frequency PWM signals. By controlling the on/off sequence of the six power MOSFETs, the
desired three-phase sinusoidal AC voltages are produced .

In a three-phase inverter circuit, let the conduction of the upper switch in a half-bridge Sx(x= a, b, ¢)
correspond to state 1, and the conduction of the lower switch correspond to state 0. The upper and lower switches
of the same half-bridge cannot conduct simultaneously. Based on this definition, the combination of the three-
phase switch states can generate eight distinct basic voltage space vector states: U,y Uy19o Upios Uoirs Uoors Uiors
Uiy Uggo-

Taking one of the non-zero voltage vectors U, for analysis, when the upper switch of phase A and the lower
switches of phases B and C are conducting. Assuming equal phase resistances and a DC bus voltage of U, the
phase voltages U, U,y and U, relative to the neutral point N are as follows: 2/3U,,, -1/3U,, and -1/3U,,. The
synthesized expression of the three-phase symmetrical sinusoidal voltage vector is given in Equation (3):
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After substituting U, U, and U, into Equation (3), the resultant vector U, can be obtained as:

Uigo = % E Uge — % Uqgc (cos%ﬂ + jsin%”) - % Uqgc (cos%ﬂ - jsin%”)] = %Udc )

Similarly, the remaining non-zero voltage vectors can be calculated. In the - coordinate system, the six non-
zero vectors have equal magnitudes of 2/3U,,, and each adjacent non-zero vector is separated by 60°. The two zero
vectors have zero magnitude and are located at the center. The endpoints of the six non-zero basic voltage vectors

form a regular hexagon, dividing the plane into six sectors, as shown in Figure 13.

Figure 13. Voltage space vector diagram.

According to the principle of volt-second balance, any desired voltage vector U, in the a-f coordinate
system, composed of U, and Uj, can be synthesized by controlling the duration of the two adjacent non-zero basic
vectors within the sector and the zero vectors. Let a PWM period be 7, and the desired reference vector during this
period be U,,. Denote the two adjacent non-zero basic vectors of the sector as U, and U,, and the zero vector as U,
Then, according to the volt-second balance principle, the Equation (5) can be derived:

Uref*Ts = Uy - T + Uy - Ty + Ug - To 5)

In summary, the SVPWM technique synthesizes a reference voltage vector U,,, from U, and Uj obtained via the
inverse Park transformation. The sector in which the reference vector is located is then determined. The dwell times
of the two adjacent active vectors within the sector, along with the zero vectors, are appropriately allocated. Once the
required dwell times of the adjacent active vectors and zero vectors are calculated, the PWM signals are generated.

These PWM signals drive the three-phase inverter, ultimately achieving precise control of the brushless motor.

4. Results and discussion

To evaluate the performance of the BLDC motor drive and control system designed in this study, a position
closed-loop test was conducted. This test also aimed to verify the FOC algorithm and assess the stability, accuracy,
and real-time performance of the control system. The initial position was set to 0°. The motor was commanded to
move to target positions of 90°, 180°, and 360°. Real-time data were recorded and analyzed using MATLAB.

As shown in Figure 14 and Figure 15, when the motor moved from 0° to 90°, the system response time was
0.138s. The settling time was approximately 0.498s. After stabilization, the maximum error was about 0.25°. The
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average error remained within 0.2°.
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Figure 14. Response curve at 90° position.
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Figure 15. Position error curve at 90°

As shown in Figure 16 and Figure 17, when the motor moved from 0° to 180°, the system response time is
approximately 0.216s, the settling time is about 0.372s, the maximum steady-state error is around 0.18°, and the
average error does not exceed 0.13°.
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Figure 16. Response curve at 180° position.
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Figure 17. Position error curve at 180°.

As shown in Figure 18 and Figure 19, when the motor moved from 0° to 360°, the system response time
is approximately 0.378s. The maximum steady-state error is about 0.15°, and the average steady-state error is
controlled within 0.12°.
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Figure 18. Response curve at 360° position.
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Figure 19. Position error curve at 360°.
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The above experiments indicate that the system demonstrates superior dynamic response, with minimal
steady-state position error. The maximum steady-state error does not exceed 0.25°, and the average steady-state

error remains within 0.2°.

5. Conclusion

This study designs an integrated BLDC motor drive and control system for robotic arm joints, featuring high
performance, high integration, and low cost. Experimental results show that the designed system exhibits excellent

dynamic response and steady-state performance, meeting the requirements of desktop, lightweight robotic arms.

Disclosure statement

The author declares no conflict of interest.

References

[1T Ye S, Sun L, 2021, Design and Implementation of Intelligent Control Program for Six Axis Joint Robot. Big Data
Analytics for Cyber-Physical System in Smart City, 180—186.

[2] Sathuluri A, Sureshbabu A, Frank J, et al., 2023, Computational Systems Design of Low-Cost Lightweight Robots.
Robotics, 12(4): 91.

[3] Tingting W, 2023, Research on Optimized Control Method for Robotic Arm Joint Motors, thesis, Changchun
University of Technology.

[4] Le Q, 2024, Neural Network FOC Control of Robotic Arms Driven by Brushless Motors, thesis, Xi’an Shiyou
University.

[5] LiN, LiM, Zhang C, et al., 2024, Design of Brushless Motor Control System Based on FOC Algorithm. International
Conference on Mechatronic Engineering and Artificial Intelligence, 130712T.1-130712T.7.

[6] O’Rourke C, Qasim M, Overlin M, et al., 2019, A Geometric Interpretation of Reference Frames and
Transformations: dq0, Clarke, and Park. IEEE Transactions on Energy Conversion, 34(4): 2070-2083.

[71] MaR, Guo X, Zhang Y, et al., 2023, PMSG Offshore Wind Power System Control Using SMC and ADRC with Fast
SVPWM in Complicated Environment. Electrical Engineering, 105(5): 2751-2767.

Publisher’s note

Bio-Byword Scientific Publishing remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

95 Volume 10, Issue 1



Journal of Electronic Research and Application, 2026, Volume 10, Issue 1
http://ojs.bbwpublisher.com/index.php/JERA

- ISSN Online: 2208-3510
Bi -BYWORD i 2ce 200

SCIENTIFIC PUBLISHING PTY LTD

Research on Motion Simulation of Panda
Manipulator Based on ROS2

Boru Wang*, Wei Liu
Jilin University of Chemical Technology, Ji’lin, Jilin, China

*Author to whom correspondence should be addressed.

Copyright: © 2026 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), permitting distribution and reproduction in any medium, provided the original work is cited.

Abstract: Focusing on the research issues of path optimization and collision avoidance in robotic arm motion planning,
this paper will construct a high-fidelity simulation environment using the ROS2 framework. By integrating Movelt,
Rviz visualization tool packages, and the Panda robotic arm URDF file, along with leveraging the DDS communication
mechanism of ROS2, low-latency data interaction between the planning module and the simulation environment is
achieved. The upper computer software is developed to conduct simulation studies on the path planning and trajectory
interpolation principles of the robotic arm, thereby verifying the reliability of the ROS2 distributed architecture in robotic

arm simulation.
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1. Introduction

With the development of science and technology and the improvement of people’s living standards, robotic arms
are being increasingly widely applied in various fields, and users have also set higher performance requirements
for them . To meet the ever-more complex application demands, it is necessary to conduct various simulations
during the development of the robotic arm body to save R&D costs and enhance R&D efficiency. Currently, the
mainstream simulation platforms for developing robotic arms include Matlab, TeamBots, CARMEN, ROS, and
so on. Among them, ROS2 is more widely utilized by universities, research institutions, and enterprises. ROS2
is the second-generation robot operating system specifically designed for modern robotic systems. It employs a
DDS-based (Data Distribution Service) peer-to-peer (P2P) communication mechanism, supports task responses
at the millisecond level, and has achieved significant improvements in real-time performance, security, cross-
platform compatibility, and distributed architecture, making it an ideal choice for robot development ranging from

consumer-grade to industrial-grade applications * .
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2. ROS system-related tools

2.1. Configuration of the robotic arm

Before controlling the robotic arm, it is necessary to use the Movelt Setup Assistant to configure the robotic arm’s
description file in order to generate the required YAML files and various launch files for controlling its motion.
This article utilizes the built-in Panda robotic arm URDF file provided by ROS. The file describes the parameters
of the Panda robotic arm, such as the fact that it has seven joints, the installation positions of the motors on the
links, and the motion angle and speed limitations of the joints, among other details. The steps for importing the
URDF file into the Movelt Setup Assistant to generate the configuration package are illustrated in Figure 1.

ros2 launch moveit_set up_assistant setup_assistant.launch

A 4

Import URDF file for robotic arm

A4

Generate Self-Collision Matrix

A

Add Virtual Joint

A4

Add Planning Group

A

Identify End-Effector

A 4

Add ROS Controller

A

Generate Configuration File

Figure 1. Configuration process for the panda robotic arm.

During the configuration process, the KDL algorithm library can be selected to solve the forward and inverse
kinematics of the robotic arm. The generated configuration package includes a config folder and a launch folder.
The config folder contains a series of YAML files that describe the initial position of the robotic arm, joint limits,
kinematics algorithm type, as well as Movelt controllers and ROS controllers *. The descriptive information in
these files is closely related to the motion state of the robotic arm.

2.2. Movelt system framework

Movelt plays a highly significant role in the motion control process of robotic arms. Its functional block diagram
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is illustrated in Figure 2. The move_group node retrieves the URDF and SRDF files of the robotic arm from the
parameter server . It interacts with the robot controller via the JointTrajectoryAction interface. Meanwhile, users
can configure Movelt through the interfaces provided by Movelt.

GUl |, Parameter
(Rviz) Server
C++ [«
Node
Python [«
Other Robot
Interfac Controller
es

Figure 2. Block diagram of the Movelt system.

2.3. Rviz visualization

Rviz is a 3D visualization tool capable of real-time displaying the joint states and motion trajectories of a robotic
arm. Additionally, it allows for the control of the robotic arm through its built-in plugins ”. By running a launch
file and observing the three-dimensional state of the robotic arm in Rviz, it can be seen that after running the demo
file, the state of the robotic arm in Rviz is as shown in Figure 3, where all joint angles of the robotic arm are 0,
and the Roll-Pitch-Yaw (RPY) angle values are 3.14, 0, and 0, respectively.

Figure 3. Panda robotic arm.

3. Route planning algorithm

3.1. Principles of the RRT algorithm and the RRT* algorithm

The RRT algorithm, whose full name is Rapidly-exploring Random Tree algorithm, is a sampling-based path
planning algorithm ™. Its basic process is illustrated in Figure 4. It incrementally constructs a tree that extends
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from the starting point to the target region, expanding one node at a time in an incremental manner. It gradually

explores the space until the target point or target region is found. The experimental simulation is shown in Figure 5.

Initialization
Random Sampling
Nearest Neighbor
Search RRT Path Planning Results
1000
900
Node Extension 800 - O
-
600 [
Collision Detection
500
400
Goal Reachability 300 |
Check ool Q
100 |
Path Extraction 0 : : ' '
0 200 400 600 800 1000
Figure 4. Flowchart of the RRT algorithm. Figure 5. Simulation results of the RRT algorithm.

The RRT* algorithm is an improved version of the RRT algorithm, with its primary enhancement being the
introduction of a path optimization mechanism. This mechanism ensures that a feasible path is found while further
optimizing the path quality, such as by identifying shorter or more optimal paths "”’. It achieves this by reselecting
parent nodes and rewiring the random tree, thereby reducing path costs. This is the main distinction between the
RRT* algorithm and the RRT algorithm. The experimental simulation is illustrated in Figure 6.

RRT* Path Planning Results
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400

300

0 200 400 600 800 1000

Figure 6. Simulation results of the RRT* algorithm.
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3.2. Comparative testing of RRT and RRT* algorithms

On the upper computer, select the RRT and RRT* algorithms respectively, with the target point set to (0.5, 0.3,
0.4) for both. Click the “Add obstacles” button to introduce obstacles, where the length, width, and height of the
obstacles are set to 0.5, 0.05, and 0.5, respectively, as shown in Figure 7. Then, set the upper limit for the planning

time, click execute to conduct repeated experiments, and record the experimental data obtained, as depicted in

Figure 8.
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Figure 7. Upper computer interface.
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Figure 8. Comparative diagram of algorithm execution.
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In the experiments, the RRT algorithm can always find a path from the starting point to the destination as long
as it is given a sufficiently long planning time. However, due to its random sampling nature, the path it generates
is often not optimal and exhibits low search efficiency. When the upper limit of the planning time is reduced,
the RRT algorithm has a relatively high probability of failing to plan a path. In contrast, the RRT* algorithm
demonstrates a significant improvement in search efficiency during the experiments, with a notably shorter
planning time and relatively stable fluctuations in repeated planning durations.

4. Interpolation trajectory planning

When using the Configuration Assistant to generate a robotic arm configuration package, the RRT* algorithm
from the OMPL motion planning library is selected as the path planning algorithm. After setting the destination
coordinates, the planner will generate a path. However, this path only represents a route from the starting point to
the destination and does not include the motion parameters for each joint of the robotic arm. Therefore, after the
path is planned, it is necessary to perform interpolation on the path. Once the coordinates of each interpolation
point are calculated, these coordinate data are transmitted to the inverse kinematics solver module to determine
the velocity, acceleration, and other motion parameters of each joint at every point. Thus, calculating a series of
suitable interpolation points is crucial for the smooth operation of the robotic arm ", After setting the destination
coordinates and RPY (Roll, Pitch, Yaw) angles in the upper computer software and clicking the execute button, the
robotic arm will plan a path. To achieve smooth motion of the robotic arm’s end-effector along the planned path,

linear interpolation or circular interpolation is typically required.

4.1. Principles of linear interpolation

Given the starting point coordinates as (x,, y,, z,) and the destination point coordinates as (x,, 1, z,), the straight-
line distance between the two points in space is calculated as follows:

L=(x1 = %)% + (y1 — ¥2)? + (21 — 2)? (1
The number of interpolation points is:

L L
E,E(Integer)

N @)

. L\ L .
int (E) > (Non — integer)

Where represents the timing step length, v is is the end-effector’s motion velocity, and ¢, denotes the
total timing interpolation duration. The average incremental displacement along the x, y, and z axes for each

interpolation point, relative to the previous one, is given by:

Ax = (x; —x1)/N 3)
Ay = (y2 —y1)/N 4)
Az = (z; — z1)/N (%)

Therefore, the X, y, and z coordinate values of the interpolation point at any arbitrary (i+1) moment can be
calculated as follows:
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Xip1 = X1 +iAx (6)

Yiv1 = y1 Hidy (7)

Ziy1 =z +10z (8)

After obtaining the coordinate values of the interpolation points at any given moment, Movelt will use the
KDL solver to perform inverse kinematics calculations, deriving the angle for each joint. Subsequently, the robotic
arm will move according to these calculated values. On the upper computer software, when Cartesian linear
interpolation is selected and the joint point coordinates (0.5, 0.5, 0.5) are input, with RPY (Roll, Pitch, Yaw) set to
3.14, 0, and 0 respectively, and the execute button is clicked, the robotic arm will move to the target point. After
reaching the target, if new coordinates (0.5, 0.1, 0.5) are input while maintaining the same orientation, the robotic
arm will move along the planned linear trajectory. The motion pattern of the robotic arm is illustrated in Figure 9,
with a total of 67 interpolation points and a movement duration of 6.7 seconds. As can be seen from the figure, the

trajectory of the robotic arm consists of two straight lines, fulfilling the requirements of linear interpolation.

Figure 9. Linear interpolation of the robotic arm.

4.2. Circular interpolation

4.2.1. Principles of planar circular interpolation

A planar circular arc refers to an arc whose plane coincides with one of the three fundamental planes (e.g., the
XOY plane). In this plane, given three non-collinear points A, B, and C, the circular arc formed by these points is
illustrated in Figure 10.
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Figure 10. Planar circle defined by points Q1, Q2, and Q3.

R represents the radius of the planar circle, 6, and 6, are the central angles subtended by the arcs from Q1 to
Q2 and from Q2 to Q3, respectively. Therefore, the total central angle is § = 8, + 6,. Moreover, according to the

chord length formula [, = 2R* sin g, we have:

VG =22+ (v, — y)? = 2R" sin2 ©)
Vs — %)% + (y3 — y2)? = 2R Sin% (10)
6, = 2arcsin (‘/(xz_xl);;(yz_yl)z) (11)
0, = 2arcsin (\/(xer):;(yryZ)Z) (12)

Given the angular displacement A@ = t,v/R within a fixed time 7, and the joint angular velocity v, the total
number of interpolation steps can be calculated accordingly.

N = int(6/06 + 1) (13)

d; = iA@ represent the central angle from the starting point to the interpolation point at time instant i.
Therefore, the coordinates of the interpolation point at time instant i+1 can be derived as follows:

Vi+1 = R sin (al + AQ) (14)

Xiy1 = R cos (61 + A9) (15)

4.2.2. Principles of spatial circular arc interpolation
Spatial circular arc interpolation is based on planar circular arc interpolation and can typically be carried out in
three steps as follows:

(1) Transform the three-dimensional spatial problem into a two-dimensional planar problem by identifying
the plane determined by three non-collinear points, which serves as the plane where the planar circular arc
lies;

(2) Utilize the planar circular arc interpolation algorithm to calculate the coordinate values of each
interpolation point within this plane;

(3) Compute the transformation matrix between the coordinate system established by the planar circular arc
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and the base coordinate system, and then convert the coordinates of each interpolation point into their
corresponding values in the base coordinate system.

As shown in Figure 11, a plane and a circular arc with a known radius R can be determined by three non-
collinear points P1, P2, and P3. Through establishing a coordinate system named O,X;Y;Z; on this plane,
making the origin of the coordinate system coincide with the center of the circle determined by points P1, P2,
and P3, where Z; is the outward normal to the OzX,Y, plane where the planar circular arc lies, planar circular arc
interpolation theory can be applied to the circular arc defined by points P1, P2, and P3 in the plane.

If the rotation angle between the coordinate axis Z, of OyX,Y,Z, and the base frame is g, the angle between
XR and the X-axis is 0, Given that O, in the original coordinate system are (x,, y,, z,), the rotation matrix for
rotating the O,X,Y,Z, by an angle about the Z-axis is:

cosf —sinf 0
R,z (0) = lsin 6 cosO 0] (16)
0 0 1
The rotation matrix for rotation by g is:
1 0 0
Ry, =10 cosd —sind a7
0 sind cosd
So, the overall rotation matrix is:
cos@ —sinf8 0]]1 0 0
R=Rz,Rx, =|sinf cos@ Of[0 cosd —sind (18)
0 0 1110 sind cosd
Transformation matrix is as shown:
cos@ —sinfcosd sinfsind  xg (19)
7 — |sin6 cos Bcosd —cosBsind Yy,
0 sind cos 0 Z
0 0 0 1

Therefore, the relationship for converting the coordinate values of the interpolation point P into the base

coordinate values Q is as follows:

o=TP (20)
z A
P1(X1,y1,21)
Pz(Xz,Yz,Zz)
Ps(Xa,y3,23)
Xr Zr
Or
O »
Yr
X

Figure 11. Base coordinate system and planar circular arc coordinate system.
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On the upper-computer software, circular arc interpolation is selected. After inputting the coordinate values
(0.5, 0.5, 0.5) and clicking the execute button, the robotic arm reaches the target point. Subsequently, another set
of coordinates (0.5, 0.1, 0.5) is input, and the execute button is clicked again. The execution results, as shown in
Figure 12, indicate that the number of interpolation points is 155, and the total time taken is 15.5 seconds. The
interpolated trajectory consists of two arcs, meeting the requirements for circular arc interpolation.

Figure 12. Arc trajectory interpolation.

Through simulation, it was found that when comparing the number of interpolation points and the time
required for linear interpolation and circular arc interpolation under the same starting and ending coordinates, the
number of interpolation points and the time for linear interpolation were significantly lower. However, during the
experiments, it was also discovered that linear interpolation sometimes failed to reach the ending coordinates.
Therefore, before connecting to the actual robotic arm, simulation can be utilized to observe in advance whether
linear interpolation can reach the target point. If linear interpolation can reach the ending point, it can be given
priority to reduce the number of interpolation points and calculation time. In other cases, circular arc interpolation
should be used. During the operation of the robotic arm, the rqt tool can be opened, and the Visualization/Plot
plugin under Plugins can be selected to observe the angular data of each joint of the robotic arm, as shown in
Figure 13. It can be seen that after interpolation calculations are performed by Movelt’s internal algorithm, the
angles of each joint of the robotic arm change smoothly.

T
—— /joint_states/position[0
—— Jjoint_states/position[1
2 + —— fjoint_states/position[2

1
1
1
fjoint_states/position[3]

—— /joint_states/position[4] /
14— fjoint_states/position[5]
1

—— /joint_states/position[&

: \

50 55 60 65 70 75 80

Figure 13. Joint angle curves.
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5. Conclusion

This paper takes the Panda robotic arm as the research subject, displaying its status and controlling its motion
through upper-computer software. By introducing obstacles into the planned scenarios, it compares the random
sampling efficiency of the RRT algorithm and the RRT* algorithm in path planning for the robotic arm.
Furthermore, it elaborates on the principles of linear and circular arc interpolation following path planning, as well
as the importance of conducting simulations before connecting to the actual robotic arm. Through simulations, a
smooth operation of each joint of the robotic arm was observed, laying a theoretical foundation for future research

on robotic arms based on ROS2.
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Abstract: Radar detection technology utilizes radio waves for target detection, localization, and identification. It involves
emitting electromagnetic waves and receiving the reflected echoes from targets, then analyzing the echo characteristics
to obtain target information. This paper focuses on the fundamental principles, advantages, and disadvantages of radar
detection technology. It emphasizes synthetic aperture radar (SAR), passive radar detection technology seeker, and
millimeter-wave active homing guidance target identification technology, as well as the characteristics and development
status of other detection methods such as phased array radar, showcasing the multi-directional development trend of radar

detection technology.
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1. Introduction

Radar is defined as radio detection and ranging, which measures the position of targets in the air, on the ground,
and on the water, and is also called radio positioning. Radar uses a directional antenna to emit radio waves into the
air. When the radio waves encounter a target, they are reflected back and received by the radar. The distance data
of the target is obtained by measuring the time experienced by the radio waves propagating in the air, and the angle
data of the target is determined according to the antenna beam pointing . The prominent advantages of radar are
its large coverage, long operating range, and strong ability to penetrate haze. The disadvantages are that active
detection easily exposes itself, making it susceptible to detection and interference by the enemy, low resolution,

and vulnerability to anti-radiation missile attacks.

2. Development analysis of synthetic aperture radar (SAR)

Synthetic aperture radar (SAR) can realistically display the shape, size, motion state, and attitude of targets,
breaking through the limitations of the original radar, which could only obtain four-dimensional information of
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the target’s range, azimuth, pitch, and velocity. Airborne SAR is an interdisciplinary field of SAR and precision-
guided research. Theoretically, SAR has the ability to perform high-resolution imaging of any area at any time, and
it has a long operating range. Its operation is not limited by climatic conditions and solar illumination, and it can
penetrate vegetation and surface layers to detect hidden targets . Therefore, the active radar seeker using SAR
technology can effectively improve its all-weather and all-time detection capability and accuracy. The application
directions of airborne SAR technology are as follows in Figure 1.

Figure 1. Synthetic aperture radar (SAR).

2.1. Correcting inertial navigation errors

Inertial navigation system (INS) is a self-contained navigation method that has no optical or electrical connection
with the outside world. It has good concealment and is not restricted by meteorological conditions. Therefore, it
has become a major guidance method widely used in medium- and long-range missiles. Its inherent defects are that
the navigation error accumulates with time, and long-term operation will bring large accumulated errors. Using
missile-borne SAR for scene matching to correct INS errors is an effective measure to improve guidance accuracy.
Real-time images containing typical terrain features are first obtained by the missile-borne SAR and matched with
the reference map pre-stored in the electronic map database to obtain the position information of several points in
the scene. Then, the missile body position is calculated according to the relative position relationship between the
missile and the scene, and the position error of the INS is further corrected. The compensated error can reach the
P-code accuracy of GPS. If the data rate is high enough, the velocity error of the INS can also be corrected.

2.2. Striking time-sensitive targets

Improving the capability to engage time-sensitive targets (TSTs) such as mobile missile launchers and mobile air
defense guidance radars is an important development direction for precision-guided missiles. For such targets,
the method of determining their location and then attacking cannot be adopted. The area where the target may be
located must be searched in the mid-course phase of the autonomous guidance, and after the target is acquired
and confirmed, the missile transitions to homing guidance for precision strike. The main problems faced are the
influence of strong ground clutter on target detection and the accurate identification of the target. Target strikes in
Figure 2 demonstrate.
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Figure 2. Time-sensitive target strike.

The adoption of SAR technology improves the resolution in the azimuth direction. The reduction of azimuth
resolution units will greatly improve the signal-to-clutter ratio (SCR), thereby increasing the detection probability
and high-resolution imaging of the target can effectively improve the recognition probability. For instance, conduct
a large-scope imaging in scanning working patterns such as Doppler Beam Sharpening (DBS), and take advantage
of the obtained low-resolution image to detect targets . If a target is detected, perform forward squint high-
resolution imaging on the destination area to identify whether it is a target of interests, and after confirming, switch

to single pulse tracking for exploitation.

2.3. Attack point selection

When there are multiple targets in the range of the terminal guidance radar, the performance of the target
recognition and tracking system will be greatly affected if the target cannot be identified effectively and the real
target cannot be selected correctly, as the selection of attack point is a difficult technical problem for the seeker.
The missile-borne SAR is used to image the formation target group (Figure 3). According to the extracted target
characteristics and the law of Tactical Formation mode, the selection ability of guidance radar to valuable targets
can be effectively improved. The size, shape and other features are extracted from the high-resolution SAR image
of the ship target. Combined with the relative position information of the strong scattering points such as the
bridge, the key parts of the ship target can be selected.

Figure 3. The anti-ship missile chooses the ship’s vital position to strike.

2.4. Damage assessment

According to the target image transmitted by the missile through the data link, planners can evaluate the damage of
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the target, judge the damage effect of the missile on the target, and decide whether to plan the subsequent missile
to continue attacking the target, or turn to attack other targets. This instantaneous damage assessment capability
reduces the number of missiles needed for a given attack mission. Based on the high-resolution missile-borne SAR
image, the geometric shape features and internal structure features of the man-made target are extracted. If the
degree of feature change before and after striking reflects the degree of target destruction. The grade evaluation
method can be used to evaluate whether the man-made target is destroyed, the degree of destruction and the
destroyed part.

3. Development analysis of passive radar detection technology

The passive radar seeker is the key component of the anti-radiation missile (ARM), known as the “Eye” of the
ARM, whose main function is to complete the sorting, interception and tracking of the radiation source, its
technical performance will directly affect the operational performance of ARM. The passive radar seeker should
have a wide frequency band to cover most of the enemy’s radars, and the seeker should have high sensitivity to
ensure that the missile can attack the target from both the main lobe and the side lobe of the radar. The seeker must
possess high-angle measurement accuracy and angular resolution capability to enable target search, acquisition,
tracking, as well as anti-jamming functionalities. The working principle of mono-pulse receiving technology
seeker is that the target radiation signal received by the seeker antenna is sent to the signal processing system by
the receiver, and the signal is sorted and identified.

Once it is determined as the target signal, the target is intercepted immediately, the angle error signal is
extracted, and the error signal is sent to the Torquer of the gimbal after processing, so that the antenna can always
point to the target and realize angle tracking. After the angle tracking of the Seeker, the command device in the
signal processing system is connected to the autopilot, and the flight control system continuously corrects the route
to the target according to the predetermined guidance law.

The early 1960s was the initial stage of the development of passive radar seeker. Due to technological
constraints, first-generation ARM seekers featured narrow frequency bands, could only track the main lobe of
target radars, and exhibited poor anti-jamming performance. Second-generation ARM seekers employed broader
frequency bands with improved receiver sensitivity, enabling engagement of multiple target types. However,
their high cost resulted in suboptimal cost-effectiveness ratios, incompatibility with small aircraft, and relatively
low launch rates, rendering them inadequate for increasingly complex battlefield electromagnetic environments.
Building upon previous generations, third-generation ARM seekers incorporate advanced microwave and signal
processing technologies to expand frequency coverage, enhance receiver sensitivity, and strengthen signal
processing capabilities . Through composite guidance, they achieve improved autonomous homing and anti-
jamming performance, supporting multiple operational modes including self-defense, random, pre-programmed,
and known/unknown range engagements.

The representative models of the third generation of direct attack on ARM are the AGM-88(HARM) of
the United States (Figure 4), the X-31 of Russia, the ARF of France, the ALARM of Britain, the ARMIGER of
Germany, etc., another type of patrol ARM is represented by Israel’s “Star-1”, South Africa’s “Lark”, the United
States AGM- 136, Germany’s Dar and so on.
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Figure 4. Agm-88 anti-radiation missile.

4. Research and analysis on millimeter wave active homing guidance target
identification technology

ATR technology is an important indicator of the intelligentization level of precision-guided weapons.
Millimeter wave technology is a supporting technology for the development of radar weapon systems towards
intelligentization. In the millimeter wave band, the improvement of detection accuracy and the miniaturization of
missiles enable millimeter wave precision-guided weapons to strike critical parts of targets. From the perspective
of information processing, the difference between millimeter wave radar and microwave radar lies in the different
amount of target information provided by the two. In the millimeter wave band, due to the improvement of
resolution, the amount of information provided increases by orders of magnitude, making intelligent information
processing functions such as target discrimination, target identification, interference discrimination, and target
vulnerable area identification more realistic radar functions.

Considerable achievements have been made internationally in the research of millimeter-wave active homing
guidance target identification technology and its related fields. However, there are still many challenging problems
that need to be solved urgently in its development. These problems can be summarized as follows.

4.1. The identification algorithm is required to have the adaptability to arbitrary attitude
angles of the target

Taking missile ground attack as an example, due to the complexity of terrain, the pose of ground vehicle targets
relative to the radar seeker is random and cannot be predetermined through prior tracking. Therefore, it is
necessary to design algorithms capable of omnidirectional matching and recognition . Currently, the widely
adopted approach primarily relies on template matching. While this method can address target feature matching
under different pose angles, it requires a substantial number of templates. Reducing feature dimensionality and
compressing the template library serve as effective strategies. Furthermore, variations in target features also lead
to recognition difficulties, which impose additional modeling burdens for template-based recognition methods and

consequently result in decreased recognition rates.

4.2. The recognition algorithm is required to have the adaptability to the clutter
background

Given the complex ground background conditions characterized by high false alarm rates and numerous false
targets, it is essential to develop flexible and practical algorithms to separate targets from the background and
discriminate against background-induced false targets . As noted by Indian scholar Mhamodi et /. in their study
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on millimeter-wave seeker signal processing, when integration time is constrained by real-time requirements, the
approach for enhancing weak signal detection in strong ground clutter environments should adopt relaxed false
alarm criteria. The high false alarms generated during detection can subsequently be eliminated through target
recognition algorithms, which simultaneously increases the difficulty of target identification and underscores its

critical importance.

4.3. The target recognition algorithm is required to be realizable

Owing to the fact that the recognition algorithm is loaded on the seeker information processor, the processor is
required to have fast processing speed, small data storage space and small hardware structure, therefore, modern
advanced digital signal processing technology and parallel processing technology must be adopted.

4.4. The collection, analysis, modeling and simulation of target and background data
require a large amount of work and a long development cycle

Due to the diversity of the background environment and the variability of the target attitude, a large target and
background echo database is needed to train, test and improve various algorithms of target recognition and

evaluate and select the best, many experiments are needed to finalize the algorithm and processor structure.

5. Development of other radar detection methods
5.1. Laser synthetic aperture radar (SAL)

Laser synthetic aperture radar (SAL) combines optical coherence detection technology and synthetic aperture
imaging technology, and its weak signal detection ability can reach the order of photons, and the imaging
resolution can break through the diffraction aperture limit of the telescope, high-resolution images can be obtained
regardless of the detection range. At present, airborne SAL detection imaging experiments have been completed at
home and abroad.

5.2. Phased array radar
In phased array radar seekers, the active phased array antenna replaces the traditional radar seeker’s antenna,
mechanical seeker platform, and transmitter. Fundamental changes have occurred in aspects such as antenna
configuration, scanning method, platform stability, and structural dimensions, providing the means for the seeker
to achieve new performance capabilities. The phased array radar seeker boasts multiple technical advantages,
including high power density, rapid electrical scanning for tracking, multi-target information extraction, space-
time adaptive processing (STAP), adaptive anti-jamming capabilities, compact size, and high reliability . It
represents the development direction for precision-guided radar seekers and has become a subject of common
interest worldwide.

The phased array radar seeker is basically in the active test and development stage, and only a few countries
are successful in the research, such as the United States, Russia, Britain, Germany, Japan, etc., in this regard, the
United States has been at the forefront of the world.

5.3. Terahertz radar
Ultra-narrow antenna beam can be easily realized in terahertz band. Under the same antenna size, the beam of

terahertz wave is much narrower than that of millimeter wave and microwave, which can obtain higher antenna
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gain and angle tracking accuracy. Compared with microwave radar and infrared detector, the application of
terahertz technology to radar will bring many advantages, such as high range resolution, strong penetration,
low interception rate and strong anti-jamming ability, it is one of the main application directions of terahertz
technology. Throughout the development process and current progress level of terahertz radar system, it is still in

the stage of demonstration and demonstration of experimental system.

5.4. Quantum radar

In missile weapon operation, quantum radar can effectively counter active deception jamming and achieve high-
resolution anti-stealth detection, which will have a subversive impact on anti-stealth air defense operation. In
2012, the University of Rochester successfully demonstrated the application of quantum information technology
to enable radar to effectively detect stealthy targets with deception capabilities *'. In 2015, the University of York
in the United Kingdom developed a dual-cavity converter using a nano-oscillator to realize microwave and optical
wave coupling, which can be used as a core device for future quantum radaQuantum Radar (Figure 5). In 2017,
the 14th Institute of China Electric Power Science and Technology released public information that its quantum
radar prototype could already detect targets hundreds of kilometers away. If finalized, it will represent China’s
leading position in the world in this technology. In the future, quantum radar technology will be applied to various

platforms such as missile-borne and airborne.

Figure 5. Quantum radar.

6. Conclusion

Radar detection technology has become a pivotal detection means in military, civilian, and scientific research
fields, evolving from traditional radio positioning into a multidimensional, high-precision integrated system.
Among these advancements, SAR significantly enhances target recognition and guidance accuracy through high-
resolution imaging, strengthening all-weather operational capabilities. Passive radar, centered on ARM, utilizes
wide-frequency band and high-sensitivity seekers to effectively counter complex electromagnetic environments.
Millimeter-wave active homing guidance technology addresses challenges such as target posture adaptability
and background interference via high resolution and intelligent algorithms, driving the development of precision
guidance toward greater intelligence. Emerging technologies like phased array radar, terahertz radar, and quantum
radar further expand capabilities in anti-stealth, anti-jamming, and extreme environment detection. Currently, radar
technology still faces challenges in real-time processing, miniaturized integration, and environmental adaptability.
Looking ahead, the integration of artificial intelligence and quantum sensing technologies will steer radar systems
toward higher precision, stronger anti-jamming capabilities, and multifunctional integration, providing more robust
support for both defense and civilian applications.
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Abstract: Urban road networks frequently operate in an oversaturated state during peak hours, where traditional traffic
signal control strategies, predominantly grounded in the assumption of fully rational user behavior, fail to capture the
bounded rationality inherent in drivers’ route choice decisions under congestion. To address this gap, this paper proposed
a novel integrated framework that couples evolutionary game theory (EGT) with dynamic signal control, leveraging the
Macroscopic Fundamental Diagram (MFD) for real-time feedback between network-wide traffic states and individual
decision-making. Specifically, we model drivers within a control zone as a population choosing between two bounded-
rational strategies: “waiting straight” versus “detouring”. A replicator dynamics model governs the evolution of strategy
adoption, with payoffs dynamically modulated by the MFD to reflect congestion-dependent travel costs. This behavioral
layer is embedded within a receding horizon control (RHC) architecture that optimizes green splits and cycle lengths in
real time to minimize total zone-wide delay, solved via Particle Swarm Optimization (PSO). Extensive simulations were
conducted on a 6 x 6 grid network in SUMO under high-demand conditions (network saturation, approx. 0.92). Results
demonstrate that the proposed method reduces average vehicle delay by 18.7% (from 142.8 s to 116.8 s), decreases queue
spillback occurrences by 32.4%, and achieves convergence to an evolutionarily stable state (ESS) within 25 minutes,
outperforming fixed-time, adaptive MAXBAND, and multi-agent deep reinforcement learning (MADDPG) baselines. This
work establishes a closed-loop paradigm for behavior-aware, state-responsive traffic management in severely congested

urban environments.
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1. Introduction

Urban mobility in megacities is increasingly challenged by chronic oversaturation during peak periods. According
to the 2024 China Urban Mobility Report, core districts in cities like Beijing and Shanghai experience network-
wide saturation levels exceeding 0.9 during morning and evening peaks, with intersection queue spillback

(1]

rates surpassing 35% and average speeds dropping below 20 km/h "'. Under such conditions, the fundamental

assumption of classical traffic assignment models, that travelers act as perfectly rational agents minimizing
personal travel time, becomes untenable .

Instead, empirical studies confirm that drivers exhibit bounded rationality: their decisions are shaped by
limited information, cognitive heuristics, and social imitation rather than global optimization "' For instance,
in heavily congested corridors, some drivers persistently wait in long queues due to familiarity or perceived
reliability, while others impulsively detour onto parallel streets, often exacerbating congestion elsewhere, a
phenomenon rarely captured by conventional control systems ™.

Current traffic signal control paradigms suffer from two critical limitations. First, fixed-time and coordinated
systems optimize signal parameters offline or with slow adaptation, ignoring the dynamic feedback between signal
settings and evolving driver behavior . Second, while adaptive methods such as deep reinforcement learning
(DRL) offer real-time responsiveness, they typically treat drivers as passive flow entities or assume full rationality,
thereby neglecting the strategic interaction and imitation-driven evolution of route choices .

Evolutionary game theory (EGT) provides a natural framework for modeling such boundedly rational
populations. Originating from biology, EGT describes how successful strategies propagate through imitation in a
population of non-optimizing individuals, eventually converging to an evolutionarily stable strategy (ESS), a state
resistant to invasion by alternative strategies . When coupled with the Macroscopic Fundamental Diagram (MFD),
a well-established empirical relationship between network-wide vehicle density and flow, EGT enables dynamic
calibration of strategy payoffs based on real-time congestion levels ™.

Despite promising early efforts, existing studies either decouple behavioral modeling from signal control
or apply static signal plans despite dynamic user responses . Crucially, a closed-loop, real-time framework
that integrates (1) EGT-based behavioral evolution, (2) MFD-mediated state feedback, and (3) online signal
optimization remains absent—particularly for highly oversaturated networks (saturation > 0.9), where traditional
equilibrium assumptions break down.

To bridge this gap, this study proposed a three-tier collaborative control framework:

(1) Behavioral layer

Drivers choose between “wait” and “detour” strategies; proportions evolve via replicator dynamics.

(2) State feedback layer

MFD quantifies network congestion and dynamically adjusts strategy payoffs.
(3) Control layer
A receding horizon controller minimizes total delay by optimizing signal timing in real time.

The main contributions are: MFD-modulated replicator dynamics model that captures congestion-
dependent payoff adjustments; A real-time RHC signal optimization scheme solvable via PSO, enabling online
implementation; Empirical validation on a high-saturation grid network, demonstrating significant improvements

over state-of-the-art baselines.
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2. Methodology

2.1. Modeling assumptions

In the research field of urban traffic flow modeling and management, constructing a network scenario that
conforms to the actual characteristics of traffic operation serves as the fundamental premise for accurately
analyzing traffic behaviors and optimizing signal control strategies. The homogeneous urban subnetwork focused
on in this study, by virtue of its clear and reasonable core assumptions, provides a reliable experimental platform
for exploring drivers® route choice behaviors (such as “Wait” and “Detour” strategies) and the application value
of the Macroscopic Fundamental Diagram (MFD) in traffic management decision-making. These assumptions are
not only mathematically operable but also highly consistent with the traffic operation rules of specific urban areas,
thus laying a solid foundation for the subsequent model derivation and result validation.

First and foremost, the network topology and infrastructure parameters are clearly defined to ensure the
homogeneity and comparability of the research object. Specifically, the subnetwork is designed as a regular 6
x 6 grid, which contains 36 intersections in total. Each intersection is equipped with a four-phase signal control
system, a widely adopted signal mode in urban areas that can effectively separate conflicting traffic flows (such
as straight and left-turning vehicles) and reduce the risk of traffic accidents. In terms of link attributes, each
road segment has a uniform length of 200 meters and is configured with 4 lanes in each direction. This setting
eliminates the interference of heterogeneous infrastructure (such as uneven road lengths or varying lane numbers)
on traffic flow distribution, making it possible to focus on the impact of drivers® decision-making behaviors on
network performance.

In terms of driver behavior, two typical route choice strategies are defined to simulate the bounded rational
decision-making process in real traffic scenarios. Strategy A, referred to as the “Wait” strategy, means that when
a driver encounters a queue at the current intersection, they choose to stay in the queue and wait for the signal
phase to pass. Strategy B, known as the “Detour” strategy, involves the driver diverting to an adjacent parallel link
to avoid the current queue, which will increase the total trip length by AL = 200 meters. This 200-meter detour
distance is not arbitrarily set; it corresponds to the length of a single link in the grid network, ensuring that the
detour cost (in terms of distance and time) is quantifiable and comparable. More importantly, this setting reflects
the bounded rationality of driver, unlike the “fully rational” assumption in traditional traffic assignment models,
drivers in this subnetwork cannot obtain global optimal path information (such as the traffic status of all links
in the entire network). Instead, they can only rely on real-time network-average density data (which is easily
accessible through navigation apps or traffic information platforms in practice) to make decisions, which is highly
consistent with the actual decision-making characteristics of drivers summarized by Di & Liu (2016) in their
research.

From the perspective of network traffic flow characteristics, the subnetwork is assumed to exhibit a well-
defined, unimodal Macroscopic Fundamental Diagram (MFD). The MFD is a key tool in macroscopic traffic
flow theory, which describes the stable functional relationship between network-average flow, density, and speed.
The “well-defined” and “unimodal” attributes mean that the MFD of the subnetwork has a clear peak flow (i.e.,
capacity), and there is a one-to-one correspondence between density and flow in the free-flow and congested flow
stages, without the ambiguity caused by heterogeneous traffic conditions. This assumption is not only theoretically
feasible but also has been verified through offline calibration methods proposed by Daganzo (2007). Oftline
calibration involves using historical traffic data (such as probe vehicle data or loop detector data) to fit the MFD
curve of the subnetwork, ensuring that the assumed MFD is consistent with the actual traffic flow operation laws
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of the network.

Finally, it is necessary to emphasize the reasonable adaptability of these assumptions to specific urban
scenarios. In fact, the homogeneous grid subnetwork constructed by the above assumptions is highly consistent
with the traffic characteristics of Central Business Districts (CBDs) in most cities. On one hand, CBDs usually
have a relatively regular road network topology, with grid roads crisscrossing and forming a relatively uniform
spatial structure, which matches the 6 x 6 regular grid assumption of the subnetwork. On the other hand, CBDs
are typically equipped with dense probe data coverage, with a large number of taxis, ride-hailing vehicles, and
private cars equipped with GPS positioning devices, real-time traffic data such as network-average density can be
efficiently collected and released, which provides a data basis for drivers to obtain decision-making information
and also supports the application of MFD-based traffic management strategies. Therefore, the assumptions of
this homogeneous urban subnetwork not only simplify the research problem but also effectively capture the core

characteristics of CBD traffic scenarios, making the research results have strong practical application value.

2.2. Evolutionary game model
Let x(t) € [0,1] denote the proportion of drivers adopting Strategy A at time t. Payoffs are defined as negative

travel times:
up(t) == Ta (D), up(t) =— Tg(b)

Travel times are computed as:
Strategy A:

na() -1 L
Ta(®) = q—v + tsignara (D) + v

sat

where [, = 7.5 m, q.,,= 1800 pcu/h/In, v, = 40 km/h.
Strategy B:

L+ AL
H®=E£§®+%mﬂﬂw@w=m%)

To account for network-wide congestion effects, we introduce an MFD-based attenuation factor:

_ (L p(t) < pc
“@®*{L4@®—m>p®>m

where p. is the critical density, and 2>0 is a calibrated sensitivity parameter. Corrected payoffs become:
up(t) = ua(®) - a(p(D), up(t) = up(®) - alp(t))
The replicator dynamics govern strategy evolution:
(1) = x(O(1 = x()[ua (V) — up(®)]
An evolutionarily stable state (ESS) is reached when x(t) = 0 and the equilibrium is locally asymptotically

stable (Smith & Price, 1973).

2.3. MFD coupling mechanism
The MFD is calibrated offline in SUMO as a quadratic function:
Q(p) = ap — bp?
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with critical density p. = a/(2b). Network average density is length-weighted:

D Lepe®
p(t) = =
i

As drivers shift strategies, link flows, and thus pe(t) change, altering p(t), which feeds back into a(p(t)),
closing the behavior—state loop.

2.4. Receding horizon signal control
This study minimized total zone-wide delay:

min
g (D,Ci(0)

in D)= D d(®) - m(®
i=1

subject to:

Green split constraints: gjpmin < gip(t) <1 — 2 . 8. min
P #p

Cycle length: 60 < C;(t) < 120s

Spillback avoidance: Li(t) = n;(t) - I,/w; < Lyax

A receding horizon control (RHC) scheme was employed with prediction horizon and control step T=5.
At each step: Predict traffic states over [t,t+T] using current x(t) and p(t); Solve Eq. (9) via Particle Swarm
Optimization (PSO);Implement only the first At of the solution; Roll forward and repeat. This ensures real-time
adaptability while maintaining computational tractability.

3. Simulation and results

3.1. Experimental setup
3.1.1. Network
The simulation is conducted on a 6 x 6 regular grid networks implemented in SUMO 1.18.0, comprising 36

signalized intersections.

3.1.2. Demand profile
A peak-hour origin-destination (OD) flow of 5,000 pcu/h is applied, following a trapezoidal temporal profile from
7:00 to 9:00.

Saturation Level:

During the core oversaturated period (7:15-8:30), the network-wide vehicle density reaches approximately p
= 1.1pc, corresponding to an average network saturation level of about 0.92.

Evaluation Metrics:

Performance is assessed using the following metrics: Average vehicle delay (seconds); Number of queue

spillback events; Mean network speed (km/h); Convergence time to equilibrium behavior (minutes).

3.1.3. Reproducibility
Each scenario is simulated 10 times with different random seeds. The standard deviation of average delay across
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runs is less than 5 seconds, confirming result stability.
Baseline Methods:
The proposed framework was compared against three established control strategies, as summarized in Table 1.

Table 1. Baseline control methods

Method Approach description
Fixed-time Pre-timed signal plan optimized offline using Webster’s method
Adaptive MAXBAND Band-based coordinated signal control with real-time adjustments for arterial flows
Multi-agent DRL (MADDPG) Deep reinforcement learning with multiple agents optimizing local intersection signals
Proposed (RHC + EGT) Receding horizon signal control integrated with evolutionary game theory and MFD feedback
3.2. Results

(1) Strategy evolution
The proportion of drivers adopting the “wait” strategy, denoted x(t), converges to an evolutionarily stable
state (ESS) at approximately XESS = 0.62 within 25 minutes of simulation start. During the oversaturated
period (p > pc), the MFD-based attenuation factor a(p) < 1 reduces the perceived payoff of waiting,
thereby increasing the relative attractiveness of the “detour” strategy. This behavioral shift causes x(t) to
decrease from an initial value of 0.75 to the equilibrium level of 0.62. After the peak period, as network
congestion eases, x(t) gradually rebounds, reflecting the adaptive nature of driver decision-making in
response to real-time traffic conditions.

(2) Performance comparison (7:15-8:30)
The performance of all control strategies during the core oversaturated window is summarized in Table
2. The proposed RHC + EGT framework achieves the best results across all metrics: an average vehicle
delay of 116.8 s, only 43 spillback events, and a mean network speed of 25.3 km/h. Compared to the
MADDPG-based deep reinforcement learning (DRL) baseline, the strongest among existing methods,
the proposed approach reduces average delay by 18.7% (from 142.8 s to 116.8 s) and decreases spillback
occurrences by 32.4% (from 72 to 43), demonstrating its superior capability in mitigating severe
congestion and maintaining network efficiency. The proposed method reduces delay by 18.7% vs. DRL

and cuts spillbacks by 32.4%, confirming superior congestion mitigation.

Table 2. Performance comparison during oversaturation (7:15-8:30)

Method Average delay (s) Spillback events Mean speed (km/h)
Fixed-time 182.5 128 16.8
MAXBAND 156.3 95 19.2
MADDPG (DRL) 142.8 72 21.5
Proposed (RHC + EGT) 116.8 43 253

(3) Robustness and sensitivity
The proposed method exhibits greater robustness under demand fluctuations, with a coefficient of variation
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(CV) in total delay of 0.12, compared to 0.18 for MADDPG, indicating more stable and reliable performance.
A sensitivity analysis of the MFD-based attenuation parameter A shows that total delay is minimized at A =
0.03. When A is too low, congestion is insufficiently penalized, resulting in inadequate detouring and prolonged
queues. Conversely, excessively high values of A over-penalize congestion, diverting too much traffic onto
alternative routes and inducing secondary congestion. This highlights the need for careful calibration of the
behavioral feedback mechanism to achieve optimal traffic management outcomes.

4. Conclusion and future work

With the rapid urbanization and the exponential growth of motor vehicle ownership, oversaturated traffic
conditions have become a pervasive and intractable challenge in modern metropolitan areas. Such conditions
are characterized by prolonged vehicle queues, frequent traffic spillbacks, and inefficient utilization of road
infrastructure, which not only incur substantial economic losses due to increased travel delays but also exacerbate
environmental pollution and undermine the overall quality of urban life. Conventional signal control strategies,
which often rely on fixed timing plans or simplistic traffic state assumptions, fail to cope with the complex
and dynamic nature of oversaturated networks, especially when considering the adaptive and bounded rational
decision-making behaviors of road users. To address this critical gap, this paper presents a novel behavior-aware
dynamic signal control framework specifically tailored for oversaturated urban traffic networks.

The core innovation of this framework lies in its holistic integration of three complementary technical
paradigms: evolutionary game theory (EGT), macroscopic fundamental diagram (MFD)-based state feedback,
and receding horizon optimization (RHO). This synergistic integration enables the framework to simultaneously
capture the adaptive behaviors of road users and dynamically adjust signal timing plans in response to real-time
traffic dynamics. Evolutionary game theory serves as the cornerstone for modeling the bounded rationality of
travelers, who continuously update their route choices based on past travel experiences and perceived utility,
rather than adhering to the idealized “fully rational” or passive decision-making assumptions prevalent in
traditional traffic models. The MFD-based state feedback module provides a macroscopic perspective of network
performance, condensing the high-dimensional traffic state data (e.g., queue lengths, travel speeds) into aggregated
metrics that reflect the overall operational status of the urban network. This macroscopic insight ensures that signal
control decisions are aligned with the network-wide optimization objectives, rather than focusing solely on local
intersections. Finally, receding horizon optimization enhances the framework ‘s dynamic responsiveness by solving
a rolling-time-domain optimization problem, allowing signal plans to be adjusted in real-time based on the latest
traffic observations and predicted short-term traffic evolutions.

Extensive simulation experiments, conducted on a realistic oversaturated urban network topology,
demonstrate that the proposed framework achieves three key performance breakthroughs:

(1) Rapid convergence to evolutionary stable strategy (ESS)

The framework facilitates the rapid convergence of travelers® route choice behaviors to an ESS within
approximately 25 minutes. An ESS represents a state where no individual traveler can improve their
travel utility by unilaterally changing their route choice, thereby achieving a balanced and efficient
route distribution across the network. This rapid convergence effectively mitigates the “herd behavior”
and route oscillation phenomena commonly observed in oversaturated conditions, which often lead to
localized gridlocks.
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(2) Significant reduction in traffic delays and spillbacks
Compared to state-of-the-art adaptive signal control strategies, the proposed framework achieves a
18.7% reduction in average travel delay and a 32.4% reduction in traffic spillbacks. Traffic spillbacks,
in particular, are a critical indicator of oversaturation severity, as they propagate across intersections and
escalate network congestion. The notable reduction in spillbacks highlights the framework*s ability to
effectively manage queue lengths and prevent the spread of congestion, thereby maintaining the basic
operational capacity of the network.
(3) Enhanced robustness through real-time adaptation
The framework exhibits strong robustness against unexpected traffic perturbations, such as sudden
increases in traffic flow, temporary lane closures, or accidents. By leveraging real-time traffic data and the
rolling optimization mechanism, the framework can quickly adjust signal timing plans to accommodate
these perturbations, minimizing their impact on overall network performance. This robustness is
particularly valuable in real-world urban environments, where traffic conditions are inherently stochastic.
A critical insight from the research is that the explicit modeling of bounded rationality, rather than assuming
passive or fully rational users, yields tangible and significant operational benefits in severely congested
environments. Traditional traffic control models often simplify traveler behavior, either treating users as passive
followers of pre-determined routes or assuming they can always make optimal decisions based on complete
information. However, in reality, travelers exhibit bounded rationality: they have limited access to traffic
information, rely on heuristic decision-making rules, and adjust their behaviors incrementally. By explicitly
incorporating these behavioral characteristics into the control framework, the proposed approach achieves a more
accurate representation of real traffic dynamics, leading to more effective and practical signal control strategies.
While the current framework demonstrates promising results, several avenues for future research remain to
further enhance its applicability and performance. Specifically, future work will focus on three key directions:
(1) Extension to multi-strategy travel choices
The current framework focuses on route choice behaviors among private vehicle users. Future research
will expand the model to incorporate multi-strategy travel choices, such as the integration of public
transit (e.g., buses, subways), ride-hailing services, and active travel modes (e.g., bicycles, walking). This
extension will enable the framework to support integrated multi-modal traffic management, which is
crucial for promoting sustainable urban mobility and reducing reliance on private vehicles.
(2) Development of heterogeneous MFDs across subregions
Urban networks are characterized by significant spatial heterogeneity in land use (e.g., residential areas,
commercial districts, industrial zones), which leads to distinct traffic flow characteristics and MFD
patterns across subregions. Future work will develop heterogeneous MFD models that capture these
subregional differences, allowing the control framework to implement more targeted and precise (granular)
signal control strategies tailored to the specific traffic demands of each subregion.
(3) Field validation using real-world data in CBDs
The current results are based on simulation experiments. Future research will conduct rigorous field
validation of the framework using real-world data collected from central business districts (CBDs),
areas typically plagued by severe oversaturation. This validation will leverage advanced data collection
technologies, including vehicle-to-everything (V2X) communication systems and floating car data (FCD),
to obtain high-resolution traffic state information. Field validation will not only verify the framework‘s
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performance in real traffic environments but also provide valuable insights for its practical deployment
and optimization.

In conclusion, this research contributes a novel behavior-aware dynamic signal control framework that
addresses the unique challenges of oversaturated urban traffic networks. By integrating evolutionary game theory,
MFD-based feedback, and receding horizon optimization, the framework achieves balanced route distribution,
reduced delays and spillbacks, and enhanced robustness. The findings emphasize the importance of incorporating
bounded rationality into traffic control models, and the proposed future directions will further advance the

framework‘s practical relevance and impact on urban traffic management.
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Abstract: When debating the application boundaries of artificial intelligence (AI) predictive models in clinical medicine,
it is clear that high predictive accuracy is desirable, but on its own, does not provide a sufficient condition for clinical
application. Drawing on three example, AlphaFold’s prediction of protein structure, radiomics’ prediction of disease
diagnosis and prognosis, and clinical risk scoring models’ prediction of morbidity, and engaging with David Hume’s
empiricist skepticism towards causality, argue that interpretability is an indispensable condition in a discipline that values
mechanistic explanation. In order for Al to evolve from a capable recommender to a decision-making machine that
begins to develop a sense of individual self, several preconditions need to be fulfilled. Predictions must be falsifiable,
minimally grounded in mechanistic knowledge, accompanied by partially explicable decision logics, designed to be fair to
populations, and embedded in an error-tolerant architecture that enables correction and rollback. The utility of Al today lies
in its ability to dramatically reduce the costs of human trial and error, but should not diminish the doctor’s right to make,

learn from, and reflect on mistakes as the final accountable link in the chain.
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1. Introduction

The story of Elizabeth Holmes and Theranos as portrayed in “Bad Blood” makes for a cautionary tale for current
debates on artificial intelligence in medicine. Theranos’s revolutionary blood-testing technology proved to be a
fraud that ultimately collapsed as a scandal. It fell apart not because the technology worked or did not work, but
because the operations of the system were protected from verification and opaque to transparency. Lives were put
at risk, clinical dangers were examined through microscopes, public trust was in jeopardy. This story serves as a
warning to the black box in medicine "',

Today, predictive models in clinical medicine powered by artificial intelligence enter the medical field with

high levels of accuracy and efficiency. Their very success, however, gives rise to a fundamental philosophical and
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practical quandary: when sufficiently “precise,” should artificial intelligence predictions be allowed to directly
decide the fates of patients? How, if at all, can the prediction-decision gap be bridged?

A philosophical analysis is an indispensable tool to address this question. David Hume’s empiricist skepticism
towards causality argues that we never perceive the causal connection between two events; we only observe
one event repeatedly following another. Because of this, our belief of A causes B was not derived from rational
proof, but from habit, expectation, and mental pattern-making. The predictions of artificial intelligence, however
brilliant, are in a sense of computational-generated form of correlation. Its constant conjunction is a logically, or
perceptual certainty, not a psychological habit. Medicine, by contrast, requires causal explanation and mechanistic
understanding. The relationship between these two epistemic approaches lies at the heart of the current debate.

In this study, we focus on three representative examples: AlphaFold in protein structure prediction, radiomics
in disease prediction for diagnosis and prognosis, and clinical risk scoring models for measuring morbidity, as
well as discussing the dilemma of high prediction but low interpretability *. Then, based on these analyses, we
argue that there are five preconditions for Al to upgrade from the level of recommendation to the level of decision-
making: falsifiable predictions; minimally grounded mechanistic knowledge; partially explicable decision logics;
population-fairness; and the capability of error tolerance and rollbacks.

2. Hume’s empiricism and the nature of Al prediction

David Hume was one of the most vocal critics of the idea that causation can be understood through reason or a
priori analysis. In his empiricism, what we think of as causal necessity is nothing more than the habit of the mind
that comes from repeated experience . This study has observed that event A is followed by event B repeatedly,
and then we come to believe that A causes B. The belief in that causal relation, however, is merely psychological,
and it does not stand up to scrutiny. There is nothing demonstratively necessary about the relation between A and
B. When we see one billiard ball strike another and the second moves, we do not perceive causation; we perceive
two events in constant conjunction. In Hume’s mind, causation is something we do not perceive in the world, but
something was imposed on its mind. Our belief that the first ball caused the second to move is a product of custom
and habit, a feeling of expectation imprinted by repeated experience.

The logic of contemporary deep learning is a computational instantiation of this Humean epistemology.
At its core, Al is simply finding patterns of constant conjunction within a vast dataset. AlphaFold has found
statistically reliable connections between protein sequences and their structures. Radiomics models have found
similar connections between imaging features and disease states. What these systems output are extraordinarily
fine-grained, highly reliable correlations. When applying it to the Humean epistemology, however, their outputs
are predictive habits of pattern recognition rather than discoveries of underlying biophysical or pathophysiological
mechanisms (Figure 1).
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Figure 1. The Humean-Al Epistemic Parallel. Just as Hume holds that constant conjunction produces a psychological
expectation of causation, modern Al systems convert statistical conjunctions into predictive outputs. While this correlation-
based mode of inference can generate reliable predictions, it operates independently of the causal and mechanistic
reasoning on which clinical understanding typically depends.

But medicine cannot be cursorily reduced to a predictive science. In addition to predicting outcomes,
medicine is also an effort to understand why things happen. Doctors need mechanistic explanations to support their
diagnostic confidence, to choose therapies that target underlying causes, to anticipate side effects that have not yet
been observed, and to live up to patients’ expectations that medicine is not merely an art of black box prediction.
For example, a physician treats a bacterial infection with an antibiotic because of a mechanistic understanding
of cellular biology, not merely because antibiotics and recovery have been constantly conjoined in past data.
Prediction without explanation would be epistemically incomplete and would erode patients’ trust.

And so, when arrived to a fundamental epistemological contradiction, on one side stands Al prediction,
which exposes the limits of computational inference by producing, in a Humean register, nothing more than
extraordinarily fine-grained correlation, an advanced technological form of constant conjunction. On the other side
is medicine, which insists on some degree of causal understanding and mechanistic clarity. The epistemic tension
between these two camps is the central question in determining the prospects for Al in medical decision-making:

whether, and under what conditions, prediction can ever be a viable substitute for, or complement to, explanation.
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3. Case studies—The spectrum of predictive accuracy and interpretability

3.1. AlphaFold—The Humean habit of protein folding

AlphaFold is a revolution in protein structure prediction, highly accurate in ways almost indistinguishable from
experimental structure determination . Its predictions are staggering: given the sequence of amino acids that make
up a protein, AlphaFold can propose a three-dimensional structure with great reliability. Its success is a triumph of
identifying constant conjunctions between amino acid sequences and their three-dimensional configurations.

The interpretive profile, however, is different. From a Humean perspective, AlphaFold’s internal process
is a black box consists of deep learning layers that even the model’s creators cannot read. This value, however,
is secured because its output, a predicted 3D structure, is itself a mechanistic hypothesis. Protein biochemists
can subject this output to the established causal models of chemistry and biophysics. AlphaFold provides the
correlative what; we human provide the causal why.

Consequently, clinical AlphaFold is used as a hypothesis-generating tool that expedites discovery and guides

experimental design. It remains a powerful recommender, not a decision-maker.

3.2. Radiomics—The opacity of visual conjunctions

Radiomics takes prediction to the next level by applying it to medical images themselves, extracting huge sets of
quantitative features from CT, MRI, PET, and other common modalities Bl These sets often exceed the capacity
of the human visual system; models can use them to predict tumor malignancy, genetic subtypes, or treatment
response, often outperforming experienced radiologists. Its predictive power derives from finding constant
conjunctions between textural patterns and disease states.

The epistemic problem is interpretability. The model may have reached its conclusion based on correlations
that may be unintuitive or unconnected to disease biology. A cluster of pixels might be constantly conjoined with
malignancy, but if its biological basis is unknown, the prediction remains a pure Humean correlation. Given this
output, clinicians cannot easily explain to patients why the model believes they will develop lung cancer rather
than a benign disease. The epistemic gap makes it hard to build trust.

As a result, radiomics is today used as an auxiliary clinician-in-the-loop tool that plays the role of a second
reader. The problem of interpretability is blocking its advance toward autonomy in decision-making, such as
whether to order a biopsy, as that action requires a causal, explainable justification.

3.3. Clinical risk scoring models—Population level conjunctions

Machine learning has also been applied to electronic health records (EHR) to output risk scores stratifying patients
by likelihood of future morbidity events such as heart failure or sepsis. These models are meaningful in their
accuracy, and have become a fixture in early-warning beds. It marked an ability to computationally model constant
conjunctions between a patient’s documented clinical history and future morbidity on the population-level.

While sometimes built on interpretable linear models, models based on deep learning are also black boxed
that offer little insight into the mechanism underlying their predictions. Their epistemic limitation is their statistical
nature. They predict based on population-level conjunctions, which may not hold for a specific individual’s
pathophysiology. A high-risk score can be a correlation, not a diagnosis; it indicates that a patient shares features
with others who had poor outcomes. It triggers heightened review but cannot specify the causal mechanism at
work in this patient.

Among clinical workflows, they act like triage: they trigger an alert, prompt us to review, and suggest that we
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monitor more closely. They can identify that a patient needs our attention, but they still cannot tell us what to do.
They are epistemically authoritative but not decisional authoritative.

4. The five preconditions for moving from recommendation to decision

The arguments above suggest that the use of Al in clinical practice cannot be justified on predictive accuracy
alone. If the responsible passage of Al from an advisory role to a decisional role is to be achieved, a sequence of
epistemic, ethical, and institutional safeguards must be established. Five preconditions are particularly salient for
Al systems to meet in order to bridge the Humean-Mechanistic gap.

4.1. Falsifiability

Al predictions must be subject to rigorous testing and, where possible, refutation within real clinical settings.
Performance demonstrated only on retrospective datasets is not enough; Al predictions should be tested on
prospective studies and preferably randomized controlled trials. Only when a system’s predictions can survive the

possibility of being proven wrong can they approach a correlation toward real scientific credibility.

4.2. Minimal mechanistic knowledge

This study does not require Al to provide a complete causal explanation; but its predictions should not be
completely divorced from contemporary biomedical knowledge. At the very least, its predictions should be
compatible with established mechanisms of disease. If a deep learning model on radiology images were to predict
malignancy, for example, the image features identified by the model should not be entirely without relation to
proven pathological mechanisms. This anchoring in mechanism, however partial, protects Al from spurious

correlations.

4.3. Articulable rationale

Decisions must be accompanied by reasons that clinicians and patients can understand, even if only in a limited
sense. Techniques such as explainable Al, where relevant image regions are highlighted for the clinician, are
examples of articulable rationales. Where full explainability is not possible, uncertainty should at least be
quantifiable, for example through confidence scores, so that medical judgment can weigh prediction against risk.

4.4. Population fairness

Predictive models must be rigorously tested for bias across gender, race, age, and other relevant population
characteristics. A correlation that holds for one demographic may not hold for another, for example, at equivalent
algorithm-predicted risk scores, Black patients exhibit a significantly greater burden of illness compared to their
White counterparts . Therefore, it is imperative that AI systems are designed not to perpetuate or exacerbate
healthcare disparities. Technical fixes in training data are not enough; there must also be institutional commitment

to rigorously monitor outcomes across diverse populations.

4.5. Reversibility and human-in-the-loop
Finally, Al must be embedded in error-tolerant systems where there is a circuit breaker that guarantees reversibility
when a prediction is suspected or shown to be erroneous. When Al recommends a treatment that turns out to be

wrong, there must be a clinical professional who can immediately reclaim decision authority and take remedial
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action. Human oversight must be constant; otherwise, no Al-driven recommendation should be capable of
irreversible harm without clinical intervention.

5. Conclusion

Hume’s philosophy reminds us that even the most miraculous correlations generated by artificial intelligence are
nothing more than super-correlations, a digital habit of the mind. Across the three case studies, another pattern is
also evident: the need for interpretability rises in direct proportion to the clinical consequences at stake. When the
consequences are minimal, correlations will do; when it is a question of life and death, explanation is required.

This perspective is completely reversed, destining Theranos’s failure, when it treated its technology as an
indubitable black box, protected from transparency, validation, and criticism. The responsible path for Al is the
opposite: to build systems that are open to falsification, interpretation, and revision. The value of Al is to lower the
cost of the trial and error that produces success, filtering choice and eliminating absurd options, without lowering
the physician’s right, and responsibility, to engage in the trial and error and reflective judgment .

The way forward is not substitution but symbiosis. A sustainable model of collaboration between human and
machine will consist of a Humean Al, generating hidden correlations and precise predictive hypotheses, used by a
mechanistic medicine that grounds these in causal understanding, ethical reflection and global clinical reasoning.
Only then will the power of predictive technology be realized, while the core of the humanistic practice of
medicine is protected and the safety of patients guaranteed.
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Abstract: This paper delves into the development of electrical and electronic laboratories in higher education institutions,
elucidating their significance for talent cultivation and disciplinary advancement. It analyzes current challenges such as
outdated equipment, imperfect practical teaching systems, and backward laboratory management models. A series of
targeted strategies are proposed, including advancing equipment modernization, improving practical teaching systems,
strengthening faculty development, and establishing open-access platforms. Implementation steps and effectiveness
evaluation methods are introduced to create high-quality electrical and electronic laboratories that meet new-era demands,

thereby enhancing university teaching, learning, and research standards.
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1. Introduction

With the rapid advancement of technology, electrical and electronic engineering has found widespread application
across various fields, driving an increasing demand for specialized professionals. As vital hubs for talent
cultivation, universities face challenges in their electrical and electronic laboratories, which directly impact
teaching quality and students’ practical skills development. Many institutions currently struggle with outdated
equipment, limited functionality, and closed management systems, making it difficult to meet modern teaching and
research demands. Therefore, exploring effective approaches to laboratory construction is crucial for enhancing
teaching quality and fostering students’ innovation and practical abilities "’ This paper examines the necessity of
laboratory development, existing challenges, construction strategies, implementation, and evaluation methods,
aiming to provide reference for the development of electrical and electronic laboratories in higher education

institutions.
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2. The necessity of university electrical and electronic laboratory development

2.1. A key support for talent development

Electrical and electronic laboratories provide students with practical operation platforms, enabling them to apply
theoretical knowledge learned in the classroom to real-world scenarios. This integration of theory and practice
allows students to gain a deeper understanding of circuit principles, electronic device characteristics, and related
content. Through hands-on laboratory work, students develop practical skills, problem-solving abilities, and
analytical capabilities. This fosters innovative thinking and teamwork spirit, laying a solid foundation for future
careers in related fields .

2.2. Vital assurance for disciplinary advancement

State-of-the-art electrical and electronic laboratories furnish essential conditions for universities to conduct
research. Within these facilities, faculty and researchers pursue cutting-edge technological studies and explore
innovative applications of electrical and electronic technologies across diverse fields. The quality of laboratory
development directly impacts a discipline’s research output and academic influence, playing a pivotal role in
advancing university-level academic programs .

2.3. A powerful foundation for serving society

Leveraging their technological and talent advantages, university electrical and electronic laboratories can engage
in industry-academia-research collaborations with enterprises. By providing technical support and solving
practical engineering problems for businesses, they facilitate the transformation of research outcomes into practical
applications, contributing to local economic development. Simultaneously, these collaborations offer students

opportunities to engage with real-world production demands, enhancing their social adaptability .

3. Challenges in developing university electrical and electronic laboratories
3.1. Lagging equipment updates

Electrical and electronic technology is advancing rapidly, with new experimental equipment and techniques
continually emerging. However, many universities face slow laboratory equipment upgrades due to limited
funding and cumbersome procurement processes. Outdated equipment often lacks timely maintenance, calibration,
and repairs, leading to diminished measurement accuracy and frequent malfunctions. This not only undermines
the effectiveness of experimental teaching but also hampers research activities, ultimately affecting the overall
efficiency of laboratories ™.

3.2. Incomplete practical teaching system

Currently, practical teaching in electrical and electronic engineering at some universities still relies heavily
on verification-based experiments with insufficient exploratory experiments; it features numerous single-
knowledge-point experiments but lacks interdisciplinary comprehensive experiments; and it emphasizes fixed-
process experiments over self-designed experiments, resulting in a shortage of comprehensive, design-oriented,
and innovative experiments. Teaching methods remain relatively monotonous, predominantly involving teacher
demonstrations followed by student imitation, leading to superficial understanding of experimental principles and
failing to fully unleash students’ initiative and creativity . Grading primarily relies on lab reports and final data,

overlooking the critical thinking, hands-on skills, and teamwork demonstrated by students during experimental
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design, debugging processes, and troubleshooting.

3.3. Need to enhance faculty practical skills

While some instructors possess solid theoretical knowledge, they often lack practical engineering experience and
application backgrounds. When guiding student experiments, they struggle to integrate real-world engineering case
studies into instruction. This disconnects between teaching content and practical demands hinders the development

of students’ practical skills and innovative thinking.

3.4. Outdated laboratory management models

Traditional laboratory management models primarily rely on closed-door management, opening only to specific
classes during scheduled lessons while remaining largely idle the rest of the time. This restrictive approach
severely limits academically capable students from utilizing their free time for independent research or subject
competition preparation, stifling their innovative spirit. The absence of clear equipment maintenance protocols and
accountability systems often leads to a “use-only, no-maintenance” approach, with repairs only undertaken after
malfunctions occur. This not only shortens equipment lifespan but also disrupts normal teaching operations. The
lack of scientific information management tools makes it difficult to achieve efficient and precise management in

. . 5
areas such as equipment usage, maintenance, and consumables management ©.

4. Strategies for developing electrical and electronic laboratories in higher
education institutions

4.1. Advancing equipment modernization

4.1.1. Develop scientific equipment renewal plans

Institutions should formulate long-term and short-term equipment renewal plans based on technological trends
and teaching/research needs. Conduct regular assessments to identify equipment requiring updates or additions.
Prioritize technologically advanced, stable, and representative equipment while considering compatibility and

scalability to accommodate future technological developments.

4.1.2. Strengthen equipment management and maintenance

Establish comprehensive equipment management protocols, clearly defining procedures and responsible parties for
procurement, acceptance, usage, maintenance, and decommissioning. Enhance routine maintenance by conducting
regular inspections, calibrations, and repairs to ensure optimal operational condition. Utilize information
technology to create a laboratory equipment management system, enabling real-time tracking of usage status and

maintenance records to improve management efficiency.

4.2. Enhancing the practical teaching system

4.2.1. Optimizing experimental content

Increase the proportion of comprehensive, design-oriented, and innovative experiments while reducing
verification-based experiments. Develop challenging experimental topics based on real-world engineering cases
and research projects, such as communication circuit design or equipment electronic system fault diagnosis, to
guide students in applying knowledge for independent design, analysis, and problem-solving, thereby cultivating
systematic thinking and innovation capabilities.
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4.2.2. Innovate teaching methods

Employ diverse pedagogical approaches such as project-driven learning, inquiry-based teaching, and collaborative
group learning. Use projects as learning vehicles, enabling students to actively acquire knowledge and explore
concepts while developing self-directed learning skills and teamwork spirit. For example, instructors can assign
real-world electronic product design projects in class, where students complete the entire process, from conceptual

design and circuit fabrication to debugging and optimization in groups .

4.2.3. Refine practical teaching assessment systems

Establish scientifically sound practical teaching assessment frameworks to comprehensively evaluate students’
hands-on competencies. Assessment criteria should encompass experimental skills, report quality, project
completion, and innovative contributions. Combine formative and summative evaluations, emphasizing process-

oriented feedback to provide timely guidance.

4.3. Strengthening faculty development

4.3.1. Enhancing faculty practical competence

Encourage faculty to participate in industry internships and arrange regular visits to relevant enterprises to learn
about the latest technologies and production processes, accumulating engineering experience. Support faculty
involvement in research projects and laboratory development to enhance their research capabilities and practical
guidance skills. Simultaneously, invite industry experts and technical leaders to deliver lectures and training
sessions at the university, imparting real-world engineering expertise to faculty.

4.3.2. Optimize faculty structure

To meet the laboratory’s developmental needs, we will strategically recruit professionals with extensive
engineering experience and advanced academic qualifications to strengthen our faculty and elevate the laboratory’s
overall teaching and research capabilities. We will establish a regular training and exchange system, organizing
periodic workshops focused on “cutting-edge technologies, advanced teaching methodologies, major instrument
operation, and laboratory safety” to empower faculty in tracking academic frontiers "’ Implement a “mentor-
apprentice” system by pairing young faculty with experienced mentors who excel in both teaching and research.
These mentors will provide comprehensive guidance in project applications, course design, experimental
development, and student supervision, accelerating the professional growth of junior faculty.

4.3.3. Establish faculty incentive mechanisms

Establish a teaching and research incentive system to recognize and reward faculty members who achieve
outstanding results in experimental teaching reform, scientific research innovation, and guiding student
competitions. Implement a “Representative Achievements” Evaluation Mechanism: Shift away from the single-
dimensional evaluation model focused solely on publications and academic titles. High-quality teaching designs,
successfully commercialized scientific achievements, case studies addressing real-world industrial challenges, and
the effectiveness of cultivating outstanding students should all be regarded as equally important “representative
achievements” and incorporated into performance evaluations and promotion systems. While adhering to syllabus
requirements, encourage faculty to personalize reforms in experimental course content, teaching methods, and
assessment approaches. Support their integration of the latest research findings into experimental teaching and the

development of distinctive advanced inquiry-based experimental projects ™.
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4.4. Building an open-sharing platform

4.4.1. Implementing an open laboratory system

Break away from traditional closed management models by adopting an open laboratory system. Extend laboratory
operating hours, allowing students to independently access facilities during non-class hours for experimental
research based on their interests and needs. Develop comprehensive open laboratory management protocols,
clearly defining accessible resources, reservation procedures, safety protocols, and other matters to ensure orderly

operations .

4.4.2. Promote laboratory resource sharing

Strengthen collaboration between universities and between universities and enterprises to facilitate the sharing
of electrical and electronic laboratory resources. Establish shared platforms to enable the pooling of equipment,
faculty, experimental projects, and other resources, thereby improving resource utilization efficiency. For
example, universities can collaborate with neighboring institutions to conduct cross-campus experimental

teaching programs, sharing high-quality experimental teaching resources; or partner with enterprises to co-build

laboratories, jointly undertaking research projects and talent development initiatives.

4.4.3. Strengthen laboratory safety management

Establish comprehensive safety management systems for laboratories, enhancing oversight of electrical equipment,
electronic components, and other critical assets. Equip facilities with necessary safety devices and infrastructure,
conduct regular safety training and emergency drills to heighten awareness and response capabilities among
faculty and students. Leverage information technology for real-time monitoring and early warning systems to

ensure laboratory safety operations !'”.

5. Implementation and evaluation of university electrical and electronic laboratory
development

The implementation of electrical and electronic laboratory construction should follow a scientific process. First,
conduct requirements analysis and design proposals to clarify construction objectives and specific content. Next,
procure equipment and perform installation and debugging to ensure performance and quality. Then, complete
laboratory renovation and environmental setup to create a conducive experimental atmosphere. Finally, establish
management systems and provide personnel training to ensure efficient laboratory operation.

Effectiveness evaluation of laboratory construction is a critical component in ensuring construction quality.
Evaluation metrics should encompass equipment performance, availability of experimental projects, utilization
efficiency, and student satisfaction. Assessment methods may include questionnaires, expert reviews, and
data analysis. Based on evaluation results, promptly adjust and optimize the laboratory construction plan to

continuously enhance the construction standards and utilization effectiveness of the laboratory.

5.1. Systematic implementation of laboratory construction
The implementation of laboratory construction is an interconnected dynamic process where each phase requires

meticulous planning and execution.
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5.1.1. Thorough needs analysis and forward-looking design form the foundation of success

At the requirements analysis level, it is essential not only to clarify current foundational experimental teaching
needs, such as the number of experimental benches and basic instruments required for courses like Circuit Theory,
Analog Electronics, and Digital Electronics, but also to proactively consider disciplinary development trends.
This includes integrating cutting-edge content like FPGA, embedded systems, and power electronics; reserving
innovative practice spaces for undergraduate electronic design competitions and innovation/entrepreneurship
projects. Simultaneously, laboratories must be capable of supporting faculty research projects and student
development. Ultimately, a comprehensive Demand Analysis Report should be produced as the foundational basis
for all subsequent work.

At the design level, based on clearly defined requirements, develop a Comprehensive Laboratory
Construction Plan. This plan should specifically include:

Equipment Selection and Technical Specifications: Detailed listing of required instruments (e.g.,
oscilloscopes, signal generators, multimeters, soldering stations) including performance parameters, brands,
quantities, and rationale for selection, achieving optimal balance between precision, reliability, and budget.

Spatial Layout and Environmental Design: Scientifically plan functional zones such as high-voltage
experimentation areas, low-voltage experimentation areas, innovation fabrication zones, and discussion areas.
Design must fully consider ergonomics, safety standards (grounding resistance, leakage protection, emergency
lighting, firefighting facilities), network coverage, power distribution (including three-phase power requirements),
and environmental requirements like anti-static measures, ventilation, and lighting to create a safe, comfortable,
and efficient experimental environment.

Software and Digital Platform Planning: Provide essential circuit simulation software (e.g., Multisim,
PSpice, MATLAB/Simulink), PCB design software (e.g., Altium Designer, KiCad), and a laboratory information
management system to enable digital management of equipment reservations, consumable requisitions, and safety

access.

5.1.2. Standardized equipment procurement and meticulous installation/commissioning are core
quality assurances

Strictly adhere to national government procurement and institutional bidding procedures to select suppliers
with excellent qualifications and reliable after-sales service. When signing contracts, clearly define equipment
technical specifications, acceptance criteria, training content, and after-sales response times. Upon equipment
arrival, laboratory managers must conduct unpacking inspections to verify model numbers, examine physical
condition, and check accessories. During installation and commissioning, test each unit’s basic functions and
key performance indicators to ensure compliance with design specifications. This process must generate detailed
Equipment Acceptance Reports and Equipment Archives, laying the foundation for subsequent asset management

and maintenance.

5.1.3. Professional laboratory renovation and human-centered environmental design embody an
educational atmosphere

Construction must ensure the quality of concealed works like plumbing, electrical systems, ventilation, and
networking, utilizing wear-resistant, corrosion-resistant, fire-retardant, and eco-friendly materials. Environmental
design should transcend basic functional requirements to emphasize cultural education. For instance, display the
history of electrical and electronic disciplines, profiles of renowned scientists, safety protocols, outstanding student
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projects, and cutting-edge technological developments on walls. Install tool walls, component display cabinets,
and project showcase areas to cultivate a rich culture of engineering practice and innovation, subtly stimulating
students’ curiosity and sense of accomplishment.

5.1.4. Robust institutional frameworks and systematic personnel training are vital for
sustainable operation
Establish a management system characterized by “clear responsibilities, defined processes, safety assurance,
and open access”. Core regulations should include: Student Experimentation Guidelines, Laboratory Safety and
Hygiene Management System, Instrument Operation and Maintenance Standards, Hazard Response Protocols,
Equipment Borrowing and Damage Compensation Procedures, and Laboratory Access Management Policies.
Personnel training should be tiered and comprehensive: Laboratory managers receive in-depth training on
equipment operation, daily maintenance, and troubleshooting to become “technical experts”. Instructors undergo
training on new equipment and platforms to ensure effective guidance in experimental teaching. Students must
complete mandatory safety education and access assessments, receiving specific equipment safety instructions
before each experiment. Systematic training is crucial for preventing safety incidents, enhancing equipment

utilization, and improving experimental teaching outcomes.

5.2. Comprehensive effectiveness evaluation and continuous improvement of laboratory
development

Laboratory completion marks not the end of the project but the beginning of value creation. A scientific,
comprehensive evaluation system serves as the engine driving continuous laboratory evolution and service
quality enhancement. Evaluation should establish a multidimensional, quantifiable indicator system covering the
following key aspects:

Equipment Performance and Operational Status: Core metrics include equipment integrity rate (> 95% is
excellent), equipment failure rate, and average maintenance response and completion times. These directly reflect
the reliability of the hardware infrastructure.

Experiment Program Offerings and Teaching Quality: Key indicators are experiment program implementation
rate (actual programs offered/programs required by syllabus) and the proportion of comprehensive/design-based/
innovative experiments. The latter serves as a key gauge of experimental teaching depth and the intensity of
fostering students’ innovative capabilities.

Resource Utilization and Management Efficiency: Focuses on equipment utilization rate (machine-hour
utilization), laboratory open-access rate (support for extracurricular innovation activities), and the standardization
and cost-effectiveness of consumables management.

User Feedback and Educational Outcomes: Subjective perceptions regarding experimental content,
instructional quality, and environmental facilities are gathered through student satisfaction surveys. More
importantly, objective educational achievements are tracked, such as student awards in relevant academic
competitions, graduation projects/theses completed using laboratory platforms, and published patents or academic
papers.

To obtain objective data for the above metrics, a diversified assessment approach is required, incorporating
data analysis, questionnaires/interviews, and expert review. Data analysis involves retrieving log data from
the laboratory management system to statistically analyze equipment operating hours, reservation status, and
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fault records. Questionnaires and interviews entail distributing anonymous surveys to students and faculty,
supplemented by in-depth interviews with representative users to gather qualitative feedback. Expert review
involves periodically inviting peer experts from within and outside the university, as well as industry engineers, to
conduct “diagnostic” evaluations in the laboratory through on-site inspections, document reviews, and classroom
observations, providing professional and authoritative recommendations for improvement.

The ultimate purpose of evaluation is to “promote development and reform through assessment”. Therefore,
a closed-loop linkage mechanism must be established between evaluation results and subsequent decision-making.
Based on evaluation reports, the university and departments should: Affirm strengths, summarize best practices,
and promote successful models; For identified issues (e.g., aging equipment, uneven utilization rates, safety
vulnerabilities), develop explicit Action Plans for Improvement Measures specifying responsible parties, deadlines,
and allocated resources (e.g., maintenance funds, equipment upgrade budgets, management optimization plans).
Through this spiral-up cycle of “planning-implementation-evaluation-feedback-optimization”, electrical and
electronic laboratories can dynamically adapt to evolving technological advancements and talent development
needs. This ensures their sustained advancement and vitality, ultimately establishing them as premier platforms

supporting high-quality innovation in talent cultivation and scientific research.

6. Conclusion

The development of electrical and electronic laboratories in higher education institutions constitutes a complex
and long-term systematic endeavor, holding critical significance for cultivating high-caliber innovative talent
and advancing academic disciplines. In response to the numerous challenges encountered during the current
construction process, universities should prioritize addressing these issues. This requires implementing a series
of measures, including optimizing resource allocation, advancing equipment modernization, refining practical
teaching systems, strengthening faculty development, and establishing open-access sharing platforms, to
continuously elevate the standards of electrical and electronic laboratory construction. Concurrently, universities
must closely monitor industry trends and continuously refine laboratory development to better align with the
demands of education, teaching, and research in the new era.
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Abstract: Solving time-varying nonlinear equations in real time is a significant challenge in modern computing. Dynamic
Memristor-Inspired Zeroing Neural Networks (DMZNN) have shown strong performance in this field, but their convergence
speed and robustness heavily rely on the design of the activation function. This paper proposes a novel hybrid activation
function inspired by the nonlinear characteristics of memristors. By integrating cubic and sublinear terms, the proposed
function facilitates multi-stage error decay, effectively addressing the slow convergence and poor noise resistance of traditional
activation functions. Theoretical analysis shows that the DMZNN model, built upon this activation function, can converge
in finite time. Robustness under parameter perturbations and additive noise is rigorously proven using Lyapunov theory.
Simulation results demonstrate that the convergence speed of the DMZNN model is obviously faster than that of traditional
ZNN models when solving second-order, third-order, and fourth-order time-varying nonlinear equations. Additionally, in the
application of remote sensing image fusion, DMZNN outperforms traditional gradient-based methods in both fusion quality

and processing speed, demonstrating its practical effectiveness and superiority in real-world applications.
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1. Introduction

Solving time-varying nonlinear equations in real-time is a critical challenge in many fields such as robotics, signal
processing, and optimization'". Traditional numerical methods, like Newton’s iteration, often face limitations
such as slow convergence and high computational costs when dealing with dynamic systems"”. Zeroing neural
networks (ZNNs) have emerged as an efficient alternative, leveraging dynamic error equations and activation

functions to track solutions in real time™". However, conventional activation functions frequently demonstrate
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slow convergence and inadequate noise resistance'’. Recent research has centered on the development of enhanced
activation functions to enhance the performance of ZNNs. Memristor-based designs offer smooth nonlinearity but
may still lack finite-time convergence and robustness. The proposed hybrid activation function integrates cubic
and sublinear terms, thereby facilitating accelerated finite-time convergence and enhanced noise immunity'.

To address these challenges, we propose the Dynamic Memristor-Inspired Zeroing Neural Network (DMZNN).
Inspired by the nonlinear characteristics of memristors, the DMZNN integrates a novel hybrid activation function
that combines cubic and sublinear terms. This new function accelerates error decay and enhances convergence speed,
robustness, and noise resistance, surpassing traditional ZNNs.The DMZNN model is proven to converge in finite
time, with Lyapunov stability theory ensuring its robustness under parameter perturbations and noise. Simulations
show that DMZNN achieves significantly faster convergence compared to traditional ZNN models for second- to
fourth-order time-varying nonlinear equations. Furthermore, we apply the DMZNN model to remote sensing image
fusion, where it outperforms traditional gradient-based methods in both fusion quality and processing speed. This
demonstrates the potential of DMZNN for real-time, high-efficiency image fusion applications.

2. Problem formulation and evolution of the ZNN model
2.1 Problem formulation and traditional ZNNN models

Consider the time-varying nonlinear equation:

f(x(@),H)=0 x(1)eR (1
Define the error e(£)=f(x(f), ¢). The ZNN dynamic is:

o dx__F _

o o7 ) 2)

where y is a convergence factor greater than zero.

2.2 Dynamic Memristor-Inspired Hybrid Activation Function

This paper uses a memristor with a cubic smoothing curve. For a cubic function model, the resistor exhibits a

smooth, monotonic, and increasing nonlinear characteristic curve’l.

q4(¢)=ap+by’ 3)

Where a, b > 0. To achieve finite-time convergence, we augment it with a sublinear term:

M (e)=ae+bé’ +ctanh(§j|e|‘9 4)
With a, b, ¢ >0, 0 <& < 1. The resulting DMZNN dynamic is as follows:

@-ﬂ:—y/(ae+be3+c-tanh(§j g]—g ®)

e

ox dt Ot

2.3 Finite-Time Convergence Mechanism
When the error e() is large, the cubic term be’ dominates, the error decays according to O(1/V).

(6)

€
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; e—l3de = —7bﬂdt =e(t)=
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When error e(t) is small, the linear term ae dominates and the error decays exponentially according to the

formulae(t) oc ¢ 7™, and the sublinear term has been shown to increase the absolute value of the derivative,

thereby contributing to additional attenuation power'.

1

de & —-& l-¢
Zz—)/c|e| :>e(t)=[e(0)1 —yc(l—g)t}l 7
It converges to zero within a finite time, 7 = ‘e(i.
ye(l—¢)

3. Theoretical Analysis

Theorem 1 (Finite-time convergence)

For the error dynamics specified above, the error converges to zero within a finite time T, which is constrained

by the following bounds:
l-¢
L+ Je0) ®)
ye(l1-¢)
Proof:
Construct Lyapunov function } (e) = %ez and apply finite-time stability theory.
9

. _de ) 4
V(e)—e~z— 7(ae +be” +cle

e+l )

£+l . L . iy , .
If a= BN then 0.5 < a < 1, the system satisfies the finite-time stability condition. According to the finite-

time Lyapunov theorem, a convergence time exists.

_(e(0) _[e(0)

re(l1—a)  ye(l-¢)

l-¢ (10)

Therefore, error e(¢) converges to zero in a finite amount of time, 7.

Theorem 2 (Robust finite-time stability)

Assume that the parameters a, b, ¢ are subject to bounded perturbations Aa,Ab,Ac that satisfy

|Aa|<6,,|Ab| <6,

Ac| < 5C and that the upper bounds of the perturbations satisty o, <a,d, <b,5. <c.In
this case, the improved error dynamics equation still maintains finite-time stability"".
Proof:

Error dynamics after disturbance:

de 3 i ¢
E:—y((a+Aa)e+(b+Ab)e +(C+Ac)szgn(e)|e| ) (11)

Perform a Lyapunov derivative analysis and calculate I./(e) after the perturbation.

’}(9)5—7((0—54)62+(b—5,,)e“+(c—5c)e”l) (12)
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Since a - ,> 0, b—J, > 0, c-J, > 0, the original Lyapunov function still satisfies:

V(e) <kl k=y(c-0.)

The convergence time is updated to T

(13)

1-¢

()

robust — k(l——é‘) :

4. Numerical simulation results

4.1 Experiment on Solving Second-Order Time-Varying Nonlinear Equations

This section will compare the ZNN and DMZNN models’ ability to solve TVNE computer numerical simulations.
This comparison will demonstrate the DMZNN model’s superiority to the ZNN model, particularly in solving
high-order nonlinear equations. Without loss of generality, consider the following second-order TVNE:

£ (x(¢),t)=0.1x* =0.1cos* (2¢) - 0.6 cos (21) - 0.9 (14)
In the initial state x(0) € [-5,5], the solution states and residuals of the ZNN and DMZNN are depicted in

Figure 1 and 2, respectively.
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Figure 1. The neural state solution x(t) of SOTVNE in equation (14) for the ZNN and DMZNN models

Second-order Equation: Begfprmance Comparison (x0=2.0)
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Figure 2. The residual [f(x(t),t)] of SOTVNE in equation (14) for the ZNN and DMZNN models
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As Figure 1 and 2 show, the ZNN model converges in approximately 1 s, while the DMZNN model

converges in approximately 0.4 s when solving the SOTVNE in (14). Therefore, the DMZNN model is more
efficient than the ZNN model at solving the SOTVNE problem.

4.2 Experiment on solving third-order time-varying nonlinear equations
In order to validate the model’s effectiveness for higher-order TVNESs, the third-order TVNE was solved. The

simulation results are displayed in Figure 3—4, respectively.

f(x(t),t) =0.01(x—co82¢—5)(x+cos 2t +5)(x—cos 2¢)
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Third-order Equation: State Trajectories and Error Convergence
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Figure 4. The residual |f(x(t),t)] of SOTVNE in equation (15) for the ZNN and DMZNN models

As demonstrated in the case of traditional ZNN models, significant oscillations and path overlap are exhibited

during the solution of high-order problems. Additionally, residuals demonstrate an inability to converge to zero.

Conversely, the DMZNN model demonstrated rapid and stable convergence, devoid of oscillations in all instances.

Due to space limitations, only the solution data for the fourth-order equation is provided.
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In summary, the comparative simulation experiments confirm the efficiency of the proposed DMZNN model
for solving time-varying nonlinear equations, particularly high-order ones.

The aim of remote sensing image fusion is to integrate complementary information from multiple images in
order to generate a composite image with high spatial and spectral fidelity"”.

This paper uses the QuickBird remote sensing dataset from the National Cryosphere Desert Data Centre.
Subjective evaluation is predicated on visual comparison, while objective evaluation employs the calculation of
multiple metrics by referencing reference images. Due to space constraints, the main text only presents a set of

typical fusion results (Figure 5).

Full spectrum image GramSchmidt

PCA IHS UNB DMZNN

Figure 5 Simulation Experiment Fusion Results Based on the QuickBird Remote Sensing Dataset

The results of the fusion experiment, which are based on the QuickBird remote sensing dataset, are presented
in Table 1. A review of the extant literature reveals that traditional methods generally exhibit suboptimal
performance. While certain methodologies exhibited superior performance in specific metrics, they did not
consistently demonstrate effectiveness in overall evaluation indicators. In contrast, the DMZNN method proposed
in this paper achieved optimal or near-optimal results across all key metrics, exhibiting comprehensively superior

fusion performance.

Table 1. Evaluation of the Fusion Results of the Simulation Experiments Based on the SPOT Remote Sensing Datasets

Method SSIM 1 PSNR 1 cc ERGAS | SAM | RMSE |
Brovey 0.4167 4.82 0.9551 76.76 54.44 17.22
Gram-Schmidt 0.1247 2.59 0.6434 99.18 66.70 19.16
PCA 0.3870 6.75 0.8844 61.97 13.35 11.82
IHS 0.8834 42.31 0.9706 3.71 1.29 9.42
UNB 0.9023 38.32 0.9540 6.59 1.15 9.12
DMZNN 0.8974 41.65 0.9826 3.62 1.04 8.89
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