


management, improving resource utilization, and guaranteeing quality of service for 

multiple types of service traffic have become the core tasks of network management [1]. 

As a new network architecture, SDN provides a powerful solution to these problems 

by virtue of the separation of the control plane and the data plane, centralized control, 

and a high degree of programmability. SDN achieves flexible, real-time resource 

scheduling through a centralized control platform, which dynamically adjusts paths 

according to different network demands and significantly optimizes network 

performance [2]. Its policy-driven traffic management mechanism lays the foundation 

for building a flexible and efficient  traffic engineering system [3]. 

In SDN architecture, OpenFlow, as the earliest and most widely used southbound 

interface protocol, is responsible for realizing the communication between controllers 

and network devices. Through OpenFlow, the controller can directly issue flow table 

rules, accurately control the data forwarding behavior, and dynamically collect network 

state information, combined with real-time topology and link load to make the global 

optimal decision, which greatly improves the automation and intelligence of network 

management. 

Traffic engineering, as the core goal of network optimization, aims to improve the 

overall network performance through reasonable resource allocation and traffic 

scheduling. Traditional traffic engineering methods rely on static configuration, which 

is difficult to cope with dynamic changes in the network state, and the introduction of 

SDN has achieved a fundamental change in traffic engineering management: with 

centralized control and programmable interfaces, the network can adjust the flow path 

based on the real-time state, thus improving bandwidth utilization and reducing latency 

and packet loss [4]. 

In recent years, the convergence of ML algorithms has further advanced the 

development of traffic engineering. By learning traffic patterns from historical data, ML 

methods can optimize traffic prediction and scheduling strategies and enhance the 

automation and intelligence of traffic engineering systems. It makes traffic engineering 

more accurate and efficient in complex network environments [5]. Nevertheless, the 

application of SDN and ML in traffic engineering still faces challenges, such as dynamic 

topology changes, QoS guarantee, and coordination of multiple service demands. How 

to achieve efficient scheduling and ensure QoS guarantee for differentiated traffic is still 

an urgent issue that needs in-depth research [6]. 

In this paper, we will systematically introduce SDN-based traffic engineering 

methods, discuss their research progress and application practices, analyze the 

advantages and shortcomings of existing technologies, and look forward to their future 

development direction. The next section will first outline the SDN architecture and its 

application in traffic engineering, followed by a discussion of the main objectives and 

key challenges of traffic engineering. 

1.1. Overview of SDN Architecture 

SDN is an innovative network architecture whose core concept is to separate the control 

plane from the data plane to achieve flexible management and dynamic optimization of 

the network. In traditional networks, the control plane and the data plane are usually 

coupled together, and network equipment is responsible for both data forwarding and 

complex tasks such as traffic control and routing. This architecture is often difficult to 

meet the demand for real-time optimization and flexible configuration in the face of 

large-scale, dynamically changing network environments[7]. 
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SDN centralizes network control by extracting control functions from individual 

network devices and deploying them centrally in one or more controllers. These 

controllers control the global network state and manage tasks such as traffic scheduling, 

path selection, and resource allocation in a unified manner, while the data plane devices 

(e.g., switches, routers) are only responsible for forwarding packets based on the 

instructions issued by the controllers. Through this decoupled design, SDN dramatically 

improves the flexibility and programmability of the network, which is especially suitable 

for complex QoS requirements and large-scale network environments. 

The SDN architecture typically consists of three layers: 

a) Application layer: It includes various network applications such as traffic 

monitoring, load balancing, network optimization, security management, and so on. The 

application layer interacts with the control layer to propose business requirements and 

guide network behavior to achieve functions such as dynamic bandwidth adjustment, 

path optimization, and fault recovery. This layer is highly abstracted to facilitate on-

demand customization and deployment of network services [8]. 

b) Control Layer: Known as the brain  of SDN, this layer consists of one or more 

controllers responsible for policy formulation, resource allocation, and traffic scheduling. 

The controllers collect real-time topology and network state information, and make 

global optimization decisions based on business requirements, including path 

computation, security policy formulation, and load dynamic adjustment. Compared with 

traditional decentralized control, centralized control brings higher flexibility, visibility 

and programmability [9][10]. 

c) Data Layer: consists of physical or virtualized switches, routers, etc., which are 

responsible for executing forwarding rules issued by the controller. Devices at this layer 

are focused on efficient execution of forwarding operations without complex control 

logic, resulting in more simplified, lower cost, and faster processing, which improves 

overall network performance [9]. 

As shown in Fig. 1, with this architecture, SDN provides a high degree of flexibility 

and programmability, enabling precise control and real-time adjustments at the network 

level. The centralized control and data-driven nature of SDN makes it an ideal framework 

for optimizing traffic engineering. 

 
Fig. 1 SDN three-layer architecture 
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1.2. Overview of Traffic Engineering 

Traffic engineering aims to optimize network performance, improve bandwidth 

utilization, reduce latency, and ensure QoS for different traffic types by scheduling 

network traffic and allocating network resources. it is the core function of routing and 

bandwidth allocation in the control plane [9][11], and its goal is to effectively manage 

network traffic, avoid congestion, improve throughput, and ensure efficient network 

operation in multiple application scenarios. With the expansion of network scale and 

diversification of application requirements, traffic engineering has become a key issue 

in network management. the introduction of SDN brings greater flexibility and precision 

to traffic engineering, providing new technical paths to address complex network 

challenges [12][13]As shown in Fig. 2, an example of traffic engineering-based route 

optimization is demonstrated. In Fig. 2(a), the shortest path protocol (e.g., OSPF) 

transmits traffic from node A to node C, resulting in link AC congestion. In contrast, in 

Fig. 2(b), some of the traffic is forwarded through paths AB and BC, effectively relieving 

the load on the AC link. This shows that traffic engineering can significantly improve 

network performance through dynamic path selection and intelligent scheduling. 

 

(a)                                                                            (b) 

Fig. 2 Example of flow engineering for route optimization 

Traffic engineering in traditional network architectures relies on static routing and 

fixed path configurations, which is applicable when the network structure and traffic are 

relatively stable. However, in the face of frequent changes in network topology and 

diverse QoS requirements, its limitations become more and more obvious. SDN, on the 

other hand, realizes dynamic adjustment of traffic paths and intelligent allocation of 

resources through centralized control and flexible programming interfaces, significantly 

improving network performance and management efficiency [14][15]. 

As shown in Figure 3, traffic engineering research focuses on optimized scheduling 

and resource allocation, covering multiple directions such as traffic prediction, path 

selection, QoS guarantee and load balancing. These studies usually leverage the 

centralized management and programmability of SDN controllers, combined with the 

intelligent features of ML algorithms, to achieve dynamic sensing and accurate 

optimization of network traffic [16][17] Among them, traffic prediction and path 

selection optimization help network managers to grasp traffic patterns and make 

reasonable scheduling, while QoS optimization and load balancing guarantee network 

efficiency, stability and reliability under different service demands [18][19]. 
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Fig. 3 Main research contents of traffic engineering 

2.ML-based Methods 

The constant changes in network architectures and application scenarios make it 

increasingly difficult for traditional traffic scheduling and routing methods to meet the 

requirements of modern SDN for flexibility, dynamism, and efficiency. In particular, 

ML-based approaches show great potential in the face of increasing traffic demands, 

complex network topologies, and variable network environments. DL and RL 

approaches can significantly improve the efficiency and adaptability of traffic 

engineering through intelligent decision making and self-learning. 

2.1.DL-based Methods 

DL has been widely used in traffic engineering, especially in tasks such as network traffic 

prediction, traffic classification and identification, and routing optimization and resource 

allocation. DNN is able to deal with more complex nonlinear relationships and has strong 

generalization ability compared to traditional rule- or model-based optimization methods 

by automatically learning complex features and patterns in data [20]. 

2.1.1. Traffic Forecasts 

Under SDN architecture, accurate prediction of network traffic is of key significance for 

resource preallocation, congestion control and QoS guarantee. Leinonen et al [21] 

proposed a traffic prediction method based on Long-Short-Term Memory (LSTM) 

network, which deeply exploits the temporal characteristics of traffic, and demonstrates 

good generalization ability and prediction accuracy in multi-source heterogeneous data 

environment, and is more robust than the traditional autoregressive model in Zhang et al. 

[22] further proposed the Hierarchical-Attention-LSTM model, which enhances the 

modeling ability of LSTM on multi-timescale dependencies through the hierarchical 

attention mechanism, and achieves excellent performance on real network datasets such 

as GÉANT and Abilene, significantly improving the ability to recognize anomalous 

traffic patterns. traffic pattern recognition. 

He et al [23] combined causal inference with graph neural networks (GNN) to 

construct a causal graph-based network state modeling framework, which effectively 

captures the traffic evolution patterns under different topologies and improves the 
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modeling ability of complex spatio-temporal dependencies. Kablaoui et al [24] proposed 

a prediction method of image-based time series, which transforms the traffic sequences 

into images, and exploits them through convolutional neural network (CNN) to mine the 

spatial features implied in them and significantly improve the prediction performance. 

The above studies show that deep learning methods have significant advantages in 

capturing network spatio-temporal features, improving prediction accuracy and adapting 

to dynamic environments, which provides an effective path for realizing intelligent 

traffic engineering. 

2.1.2.Traffic Classification and Identification 

Traffic classification and identification are key aspects of policy issuance and access 

control implemented by SDN controllers. Although there are relatively few related 

researches, there are still several noteworthy results. Long et al [25] proposed a deep 

learning-based NetFlow flow classification framework, which uses multi-layer feed-

forward neural networks to model the original fields, and achieves high-accuracy 

recognition in a variety of typical application scenarios, suitable for large-scale real-time 

processing and resource-constrained environments. Salau et al [26] constructed a 

machine-based learning framework for SDN traffic classification, which utilizes the flow 

table data collected by the controller to extract multi-dimensional features such as 

statistical features, protocol fields and flow duration, and systematically evaluates the 

classification performance of algorithms such as KNN, decision tree, random forest, 

SVM, and plain Bayes. The experimental results show that Random Forest and SVM 

perform the best in terms of accuracy and robustness, with classification accuracy 

exceeding 96%. In addition, the study analyzes the applicability of each algorithm in 

identifying different attack types (e.g., DoS, Probe, R2L, etc.), and verifies the utility of 

ML-based classification mechanisms in SDN security management. 

Part of the research also combines RL with deep classification models to improve 

the ability to recognize encrypted traffic and covert communications, enhance the 

system's response to new types of threats, and provide technical support for the 

deployment of SDN in security scenarios. 

2.2.RL-based Methods 

RL is another ML method widely used in SDN traffic engineering, mainly in routing 

optimization, resource scheduling and load balancing, etc. RL learns how to select the 

optimal action based on the current state by interacting with the environment to maximize 

the long-term rewards. In SDN, RL is able to adaptively adjust the traffic allocation 

strategy in the network, especially in the case of frequent changes in network topology, 

traffic load and fault conditions, RL shows significant advantages. 

2.2.1.Route Optimization 

Traditional SDN routing schemes such as OSPF and ECMP often rely on static path 

computation, which is difficult to adapt to the dynamic changes in network topology and 

traffic load. For this reason, researchers have tried to introduce RL models to 

autonomously find optimal routing paths through interactive learning mechanisms. 

Guo et al [27] designed a Collaborative Multi-Intelligent Reinforcement Learning 

(CMRL) framework, which employs multiple intelligences to control sub-network areas 

separately and reduces the conflict of the globally optimal policy by introducing a 
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differential reward mechanism, which effectively improves the efficiency and robustness 

of path selection in large-scale hybrid SDN environments. Zhang et al [28] constructed 

a distributed routing architecture that integrates multi-path selection and DRL distributed 

routing architecture that significantly improves the network throughput and reduces the 

frequency of congestion in multiple controller cooperative scenarios. In addition, this 

study also employs state hierarchies and priority queuing mechanisms to further enhance 

the DRL algorithm's ability to respond to bursty traffic. wang et al [29] further propose 

a reusable reinforcement learning routing algorithm (RLSR-Routing), which divorces 

the training and exploration process of routing paths, allowing controllers to be quickly 

deployed in multiple different network environments after training. The method 

introduces path constraints based on Segment Routing (SR), effectively avoids routing 

loops, and reduces the communication cost between the control and data planes. 

These works show that RL-based routing algorithms can learn and adapt to optimal 

path strategies in changing network states, with good generalization ability and practical 

deployment value. 

2.2.2.Resource Scheduling and Load Balancing 

SDN has the advantages of global visibility and centralized control, which provides more 

space for resource scheduling algorithms. RL can dynamically adjust the allocation 

strategy of computing and bandwidth resources through trial-and-error mechanism to 

satisfy the traffic demand while taking into account the performance and energy 

efficiency. 

Sun et al [30] proposed a joint resource allocation framework based on DRL, which 

solves the problem of coordinated allocation of spectrum and computational resources in 

cellular networks, effectively reduces the average task completion time and enhances 

user fairness. Anoushee et al [31] proposed an intelligent resource management 

mechanism for edge computing environments, which allocates computational tasks 

among multiple SDN edge nodes via RL, achieving low latency and high performance. 

computation tasks, achieving the joint optimization of low latency and high throughput, 

which is particularly suitable for application deployment in industrial IoT and HD video 

scenarios. Xie et al [32] proposed a dynamic resource allocation method for SDN based 

on the Deep Deterministic Policy Gradient (DDPG) algorithm, which is designed to 

improve the network performance and quality of service. The method is able to respond 

to network state changes in real time and automatically adjust the resource allocation 

strategy, thus improving network throughput and resource utilization. Experimental 

results show that the DDPG algorithm maintains up to 95 Mbps throughput and 95% 

resource utilization under different network loads, demonstrating superior performance 

and flexible resource management capabilities. 

These studies show that RL can effectively improve the resource adaptation and QoS 

guarantee capability of network systems under high load, dynamic demand and multi-

user scenarios, which is an important direction for the intelligent evolution of SDN. 

2.3. DRL-based Methods 

Combining DL with RL, the method aims to combine the advantages of DL and RL: DL 

is good at automatic extraction of complex features, RL is good at dynamic decision 

making and strategy optimization.  Under the SDN architecture, the controller has global 
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view and centralized control capability, which is naturally suitable for acting as an 

"agent" in RL for context awareness and policy adjustment.  

Farhan et al.[33] pointed out that many existing SDN traffic engineering models 

based on GNN ignore the impact of link reliability on network performance.  For this 

reason, they proposed RDG-TE model integrating DRL and GNN, introducing link 

reliability factor into training process and reward function, so as to enhance robustness 

and adaptability of system under link failure scenario.  We compare the results with the 

existing models, and the experimental results have shown that the proposed method is 

superior to the existing models in terms of reducing the number of hops and improving 

routing accuracy.  

In addition, Lin et al.[34] introduced Transformer into the DRL framework to 

address the convergence of routing policy learning in a hybrid SDN environment.  By 

using multi-feature embedding and position coding, the model can better model the 

temporal characteristics of the network, so that the model can generate a more stable 

optimal policy in a dynamic traffic environment.  

In terms of QoS awareness, Guo et al.[35] proposed a QoS-aware routing method 

for SDN-IoT scenario by integrating DL for network state modeling and RL optimization 

routing decision, which effectively improved the scheduling capability of high-

throughput and low-delay services.  

From a broader research perspective, in recent years, a large number of literatures 

have focused on the application of DRL to traffic engineering and QoS optimization in 

SDN.  These studies have gradually reached a consensus on the model architecture, 

learning objectives and application scenarios.  As shown in Table 1, DQN, DDPG, Actor-

Critic and other mainstream RL methods are often combined with DNN, GNN, RNN and 

other models, and are widely used in key tasks such as link weight adjustment, path 

selection, bandwidth allocation, etc., and have achieved significant optimization effects 

in delay, throughput, reliability and other indicators.  

Table 1 Examples of DRL Partial Methods 

Paper Description 
Learning 

Approach 
Action Performance 

[36] 

Uses deep learning for WAN 
traffic engineering 

optimization, significantly 

improving performance and 
speed 

DRL (Q-

learning, 

GNN) 

Flow allocation 

Speedup, traffic 

demand satisfaction, 

network performance 

[37] 
DRL with spatio-temporal 

features for SDN routing 

DRL 

(DDPG + 
CNN + 

LSTM + 

TAM) 

Dynamic 

routing 

Lower delay, better 

convergence 

[38] 
DRL for efficient task 
offloading in edge IoT 

DRL 

( DQN 

variant) 

Task offloading 
Less energy, higher 

task success 

[39] 

Utilizes DRL to optimize 

traffic engineering based on 

network experience 

DRL 
(DDPG) 

Traffic 
engineering 

End-to-end delay, 
network utility 

[40] 

A multi-agent DRL approach 

to optimize routing for diverse 

QoS requirements in real-time 

DRL 

(Actor-

Critic with 
Graph 

Neural 

Networks) 

Routing 

decision (next 

hop) 

Latency, throughput, 

packet loss, network 

scalability 
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[41] 

Time-aware DRL for 

optimizing routing strategies 

in SDN 

DRL 

(DDPG, 

RNN) 

Link weight 
adjustment 

Delay, load balancing, 

QoS improvement, 

dynamic traffic 

[42] 

A DRL-based approach to 

improve routing efficiency for 

traffic engineering in SDN 

DRL 
(DQN) 

Next-hop 
Delay, throughput, 

network usage 

Combining the advantages of DL and RL enables such methods to provide more 

accurate prediction and faster adaptation when dealing with complex traffic engineering 

problems. DL is responsible for the automatic learning of features while RL continuously 

optimizes the decision-making strategy through a rewarding mechanism, which is 

especially suitable for large-scale and dynamically changing network environments. 

However, the combined approach also faces the drawbacks of DL and RL, such as high 

computational resource consumption and long training time. Therefore, how to 

efficiently combine these two methods to achieve faster and more accurate traffic 

scheduling is an important direction for future research [43]. 

3.ML Enhancement Mechanisms in Optimization Algorithms 

In traffic engineering for SDN, optimization algorithms are widely used for tasks such 

as path computation, resource allocation, and queue scheduling. However, in the face of 

challenges such as highly dynamic network states and complex and changing traffic 

patterns, traditional static or rule-driven optimization methods often lack sufficient 

responsiveness and generalization capabilities. In recent years, the integration of ML 

with optimization algorithms has become a research hotspot, aiming to improve the 

foresight, adaptivity and overall efficiency of optimization through a learning 

mechanism. The mechanism can be embedded into the optimization process at different 

levels, which are mainly classified into four categories: prediction enhancement, 

heuristic guidance, parameter tuning and joint modeling. 

3.1.Predictive Enhanced Optimization 

This method significantly improves the timeliness and global nature of traditional 

optimization algorithms by using ML models to predict the future state of the network 

and provide input information for the optimization process in advance. The prediction 

targets often include traffic matrix, link congestion status, service request patterns, etc. 

The Teal system trains DNNs with historical network state data to predict future link 

loads and potential bottleneck locations. The prediction results are then combined with 

heuristic path planning policies to achieve fast and robust path deployment in WAN 

environments. Teal's prediction-assisted mechanism not only improves path stability, but 

also reduces the control overhead caused by frequent policy updates [44]. In addition, 

the GRU-based network prediction model captures the periodicity and burstiness of 

traffic in a time-series context. The prediction results are fed back to the link weight 

calculation module in real time, which in turn dynamically adjusts the OSPF or ECMP 

routing cost to achieve more flexible load balancing [45]. 

The advantage of such methods is that they can apply the learned timing laws to 

optimization problem solving, breaking through the limitation of traditional optimizers' 

dependence on the current state. However, the risk of propagation of prediction errors 

needs to be concerned, especially in unpredictable situations such as sudden 
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abnormalities in links and equipment failures, the system needs to introduce an anomaly 

detection mechanism or a fallback mechanism to safeguard it. 

3.2.Heuristic Learning Guides 

Heuristic algorithms are widely used in the field of network optimization, but their search 

efficiency and the quality of the solution heavily depend on the design of the heuristic 

strategy. Introducing ML into the heuristic search process enables automatic learning of 

better local selection rules from empirical data. 

Structure learning methods, represented by GNN, are able to capture the higher-

order semantic information of network topology. In transportation network optimization, 

GNN combined with DRL can learn efficient node selection strategies that guide genetic 

algorithms or particle swarm algorithms to prioritize the exploration of high-quality 

solution domains [46].The CFR-RL framework further proposes to embed an RL policy 

network into a path reconfiguration module, which dynamically reroutes the critical 

flows while maintaining the QoS, through continuous learning of mapping relationships 

between network state and link utilization [47]. In addition, path optimization models 

that combine attention mechanisms with deep network structures have shown superior 

performance, such as the neural-heuristic path finder proposed by Wu et al [48], which 

efficiently learns high-quality candidate path combinations in traveler and capacity-

constrained path problems. 

This approach is especially suitable for scenarios where the network environment 

changes frequently and the rules are difficult to design manually, which helps to improve 

the search efficiency and solution quality in large-scale network optimization. 

4.New Architecture-based Methods 

The rapid development of network technology has driven the combination of SDN with 

other emerging architectures, especially the convergence of SDN with edge computing, 

SDN with network slicing, and other technologies, which has become an important way 

to enhance network performance, optimize resource management, and improve QoS. The 

combination of these new architectures not only enhances the flexibility and scalability 

of the network, but also promotes the process of network intelligence and meets the 

growing business demands [49]. 

4.1.Combination of SDN and Network Slicing 

Network slicing technology provides customized services for different applications by 

dividing the physical network into multiple virtual slices , which is especially 

important in 5G. When combined with SDN, network slicing can be managed and 

optimized more flexibly, significantly improving the efficiency of resource allocation 

and traffic scheduling. 

Chang et al [50] pointed out that current data centers often ignore the availability of 

the control plane when pursuing efficient traffic engineering. To this end, a strategy to 

optimize controller deployment is proposed to enhance traffic engineering efficiency 

while guaranteeing high availability of the control plane in case of controller failure. 
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Experimental results show that this strategy outperforms existing schemes in terms of 

network performance. 

In addition, SDN and network slicing are also applied in SD-WAN: SDN provides 

flexible traffic control, and network slicing achieves service customization guarantee, 

which improves the performance and manageability of SD-WAN [51]. 

Overall, the convergence of SDN and network slicing brings innovative paths for 

network optimization and resource management, improves the flexibility, scalability and 

intelligence of the network, and lays the technical foundation for the construction of next-

generation networks. 

4.2.Intent-Driven Networking 

Intent-Driven Networking (IDN) is a self-driven network architecture that integrates the 

flexibility and automation capability of SDN, and realizes the automatic execution of 

application intents by decoupling the control logic and closed-loop orchestration, so as 

to enhance the intelligence and automation level of network management. 

Liu et al [52] proposed a generic IDN paradigm, constructed a multi-level policy 

abstraction and resolution mechanism, and designed an intent orchestrator and a policy 

translation engine to support the automatic mapping of high-level business goals into 

configuration commands recognizable by the SDN controller. This method reduces the 

complexity of manual intervention, improves configuration efficiency and adaptability, 

and is especially suitable for dynamic tuning of policies in heterogeneous environments 

such as cloud computing and edge computing, etc. Jeong et al. [53] applied IDN to 5G 

network management, constructed an intent-based automation framework, realized 

closed-loop control of resources and traffic, and effectively met diversified QoS 

requirements. 

IDN has significant advantages in enhancing network automation and flexibility, but 

still faces challenges such as user intent expression, accurate parsing and optimization of 

execution mechanism in complex environments, which is an important direction for 

current research. 

5.Opportunities and Challenges in SDN Traffic Engineering 

The widespread use of SDN in modern networks has made traffic engineering an 

important component in ensuring network performance, reliability, and efficiency. SDN 

greatly enhances traffic scheduling, optimization, and network resource provisioning by 

providing a flexible network management and control platform. However, while SDN 

offers many opportunities in traffic engineering, it also poses many challenges, 

especially in the face of complex network environments, dynamic traffic patterns, and 

changing business requirements [54][57]. 

5.1.Opportunities 

a) Flexible traffic management. one of the biggest advantages of SDN is its 

centralized control architecture, which allows network administrators to control and 

adjust traffic paths in real time. In traditional networks, traffic engineering is often 

limited by the configuration of network hardware and devices, while SDN offers greater 

flexibility and programmability through hardware and software decoupling. With SDN 
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controllers, network administrators can formulate traffic policies and schedule and 

optimize traffic on the network in real time from a centralized control platform. This 

flexibility allows traffic engineering to better adapt to network topology changes and 

different service requirements [56]. 

b) Policy-based traffic optimization. SDN supports more granular traffic 

optimization policies through its programmable features. For example, dynamic traffic 

management can be performed based on various factors such as application type, traffic 

demand, and network state. Traffic engineering policies can be written and adjusted on 

the SDN controller, enabling the network to adaptively adjust to the real-time state. This 

policy-based traffic optimization not only improves the utilization of network resources, 

but also ensures that different service types (e.g., video streaming, real-time 

communication, etc.) can receive customized QoS [57][58]. 

c) Cross-domain traffic optimization. With the rise of technologies such as 5G and 

edge computing, the management of cross-domain traffic has become particularly 

important. SDN makes traffic optimization between different network domains more 

efficient through its centralized control platform [59]. With SDN controllers, network 

administrators can perform traffic scheduling and resource allocation across different 

network domains (e.g., data centers, carrier networks, edge networks, etc.) to optimize 

overall network performance. The ability to optimize cross-domain traffic is particularly 

important for globalized and distributed network architectures. 

5.2.Challenges 

a) Network size and complexity increase. Although SDN brings many advantages 

for traffic engineering, SDN controllers may face performance bottlenecks as the 

network scale increases and the topology becomes more complex. In large-scale SDN 

networks, controllers need to handle a large amount of traffic and dynamic network state 

information, which puts forward higher requirements on their computation and 

processing capabilities. Meanwhile, in the face of frequently changing network 

environments, controllers need to respond quickly and adjust paths to prevent congestion 

and performance degradation [60][61]. Therefore, improving the scalability and 

processing efficiency of SDN controllers in large-scale environments is still a key issue 

that needs to be addressed. 

b) Security and Privacy Protection Issues. although the centralized architecture of 

SDN controllers improves network controllability and flexibility, it also brings security 

risks. Once the controller is attacked or invaded, it may lead to the paralysis of the entire 

network or leakage of sensitive data. Therefore, strengthening the controller's security 

protection, attack resistance and integrity verification of critical data are important 

prerequisites to guarantee the stable operation of traffic engineering [62]. Meanwhile, 

with the increasing emphasis on user privacy protection, how to avoid user data leakage 

while achieving traffic optimization has also become an important challenge. 

c) Real-time and Decision Delay. Traffic engineering requires the network to have 

a fast response capability to cope with sudden traffic changes or failures. SDN controllers 

need to complete complex operations in the process of receiving data in real time, 

calculating the network state, formulating optimization strategies, and issuing control 

commands. Especially in high-load environments, the decision delay may affect the 

optimization effect and even cause performance degradation. Therefore, how to reduce 

the computational complexity and improve the response speed under the premise of 

ensuring the optimization effect is one of the focuses of current research. 
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In summary, SDN brings new opportunities for traffic engineering such as flexible 

traffic management, policy-driven optimization and cross-domain scheduling, but still 

faces many challenges in terms of network scale, complexity, real-time and security. In 

the future, SDN architecture and algorithm design need to be continuously optimized to 

enhance its scalability, reliability and security in large-scale networks. With the 

continuous development of related technologies, SDN will play a more critical role in 

traffic engineering, and how to effectively deal with the above challenges will also be an 

important direction of research [62]. 

6.Research Contributions of this Paper 

This paper systematically reviews and summarizes traffic engineering on the basis of 

SDN, and provides in-depth analysis around reinforcement learning, deep learning and 

its integrated DRL method, and machine learning enhancement mechanism in 

optimization algorithms. The specific contributions are as follows:  

Proposing a multi-dimensional technology integration perspective: this paper starts 

from three dimensions of DL, RL, and DRL, systematically combs through the existing 

research results and core algorithms, and highlights the advantages and applicability of 

each method in different scenarios, which provides a comprehensive reference of 

technical routes for the subsequent research. 

Constructing a framework for combining optimization mechanisms and new 

architectures: Combining machine learning enhancement mechanisms with traditional 

optimization algorithms, we propose four fusion strategies, such as prediction 

enhancement, heuristic guidance, parameter adjustment, and joint modeling, which 

further promotes the modeling and engineering development of intelligent traffic 

engineering. 

Explore the convergence trend of SDN and emerging network architectures: We 

analyze the convergence approach and latest progress of SDN with edge computing, 

network slicing, and IDN, demonstrate the expansion potential of SDN as the next-

generation network infrastructure, and provide theoretical support for network 

optimization and service orchestration in multi-domain and multi-tenant scenarios. 

Clarifying future research directions: Based on the overview of existing approaches, 

we systematically analyze the challenges of scale, latency, security, and multi-tenant 

QoS faced by SDN traffic engineering, and indicate key research paths such as model 

efficiency, heterogeneous environment adaptability, and deployment feasibility, which 

will help to promote further breakthroughs between academia and industry in this field. 

7.Summary and Conclusions 

With the continuous evolution of the network environment and the continuous growth of 

data traffic, SDN-based traffic engineering has become a key technical path to realize 

intelligent and dynamic network management. This paper reviews the SDN architecture 

and its application in traffic engineering, deeply analyzes the typical methods of machine 

learning (including DL, RL, and DRL) in path optimization, resource scheduling, and 

load balancing, and their convergence mechanisms, and explicitly demonstrates the 

important role of ML-enhanced optimization algorithms in improving network 

adaptability and efficiency. 
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Meanwhile, the article discusses the convergence trend of SDN with emerging 

architectures such as network slicing and intent-driven networking, and analyzes the 

challenges of QoS guarantee, controller scalability, and real-time decision-making 

capability in the future multi-domain and multi-tenant environment. It is foreseeable that 

with the development of intelligent algorithms and the continuous improvement of SDN 

control mechanisms, traffic engineering will play an even more critical role in network 

performance optimization, quality of service assurance and network autonomy 

management. 

Future research can further start from the following aspects: first, to improve the 

real-time and generalization ability of ML models under large-scale networks; second, 

to strengthen the exploration of multi-policy cooperative scheduling mechanism; and 

third, to promote the transformation of theoretical models to the engineering deployment 

landing, in order to achieve a wider range of intelligent network control goals. 
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Abstract. This research examines some new measurements of CEO 

overconfidence behavior: (1) Excessive operating cash flow surplus (cause) 

combined with overinvestment (manifestation) (Over1); (2) Earnings per share 

exceeding the same industry (Over2); (3) Overinvestment (cause) leading to 

Revenue Management behavior (manifestation) (Over3). In addition, the study 

also examines financial indicators, in which the growth of the stock index is a sign 

of encouragement for the overconfident behavior of CEOs, affecting efficiency. 

The author also considers the ownership structure that can increase or restrain the 

overconfident behavior of CEOs, thereby affecting the efficiency and risk of the 

enterprise. The results show that CEO overconfidence increases firm performance. 

Both state and foreign ownership have an impact on increasing performance. Stock 

market growth also increases performance, but especially in the context of 

overconfidence, it reduces performance. From the results, the author also proposes 

recommendations on how to control CEO overconfidence to help stabilize and 

increase business performance for listed companies.  

Keywords. CEO’s overconfidence; firm performance and companies listed in 

Vietnam 

1. Introduction 

Synthesizing studies to date shows that there are three popular methods of measuring 

CEO overconfidence behavior: Option-based method [1], income forecast-based 

method (Otto, 2014) [2], and press-based approach [3]. The press-based approach is 

also difficult to implement because it requires collecting personal information of each 

CEO on the media, in addition, there have been many recent price manipulation cases, 

information transparency on the Vietnamese stock market is only rated at a low average 

level [4]. Or the measurement method through the form of mergers and acquisitions 

according to Ahmad Ismail and Christos P. Mavis [5] is also difficult to measure in 

Vietnam because the M&A market is almost not public, and legal procedures are 

complicated [6]. From the above comments and summaries, it can be seen that the 

income method is the most effective and especially, domestic studies have not yet used 

this measure to consider measuring the overconfident behavior of CEOs. Therefore, the 
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author will use the income-based forecasting method as a representative measure of 

CEO overconfidence. Using the income method to measure the overconfidence 

behavior of CEOs, there are currently studies in the world in two main directions: (i) 

Using the EPS variable, by comparing the difference between the announced plan EPS 

and the actual EPS such as [7]; (ii) Using earnings management behavior to measure 

the overconfidence behavior of CEOs, this research direction has been widespread in 

all three methods including: accrual-based earnings management [8].  

Malmendier and Tate [1] or Sumiyana [8] argue that the source of CEO 

overconfidence is overinvestment. While overinvestment behavior comes from the 

main cause when the business has outstanding cash flow. In this study, the author uses 

a different method of measuring CEOs' overconfidence behavior, which represents a 

difference from previous studies. First, the author uses the income method based on the 

difference between the expected EPS and the actual EPS achieved by the company, this 

method is also used by previous authors such as (Sumiyana Sumiyana et al., 2023) [8] 

but the difference in this study is that the author calculates the value of outstanding 

EPS based on the sub-sector, calculated by year. The second measure the author uses in 

the study is based on the postulate of (Malmendier and Tate, 2005) [1] that excess cash 

flow is the source of overinvestment behavior, while overinvestment is a manifestation 

of overconfident CEOs. To reinforce the issue of whether overconfidence behavior 

exists or not, the author uses a combination of these two factors at the same time, 

meaning that a company i in year t, if it has excess cash flow accompanied by 

overinvestment, is considered to have an overconfident CEO behavior, in addition, the 

calculation by industry and by year is also different. The third measure author uses is 

based on the assumption and concept of CEO overconfidence behavior when he is 

willing to make decisions that are riskier than his ability [9]. From here, authors such as 

Sumiyana Sumiyana [8] have used the measure of earnings management behavior to 

examine CEO overconfidence behavior. But if we only consider earnings management 

to assign CEO overconfidence behavior or not, it is not really convincing in terms of 

risk, because if the company is in a good business period, the industry is in the growth 

stage, then earnings management is sometimes good for the company [10]. While there 

are also many studies that suggest that overinvestment and earnings management 

behavior have a close relationship [11], in this study, the author uses a combination of 

both earnings management and overinvestment factors, meaning that in any year t, if a 

business in a certain industry j simultaneously overinvests and exhibits earnings 

management behavior, then it is considered that there is overconfidence behavior of the 

CEO. Previous measures of CEO self-confidence behavior only considered indirectly 

through the results. In this study, the author considers both the cause and the result 

aspects, thus ensuring more reliability and certainty. 

2. Literature Reviews 

Zaludin et al [12] also showed that managers' overconfidence, internal financial 

resources, and corporate governance have positive effects on investment. In this study, 

the author used the difference between the average real earnings and the declared 

earnings of CEOs to measure overconfidence. Hossein Alidadi [13] studied one 

hundred years of companies listed on the TSE. The results showed a positive effect of 

the CEO’s overconfidence on overinvestment. Recently, many studies have also 

concluded that overinvestment is a reliable indicator of CEO’s overconfidence, because 
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when CEOs are highly confident, their behavior will orient future investment policies 

to maximize output [1]. Researchers have since used capital expenditure [14] and 

overinvestment [8] to measure CEO confidence. Mueller and Brettel [15] used a 

sample of German CEOs over a 10-year period to examine how CEO’s overconfidence 

effects firm performance. Mueller et al. findings suggest that CEO’s overconfidence 

has a negative impact on firm performance in recession. However, the authors also 

found that CEO’s overconfidence has a positive impact on profitability in the early 

stages of a firm. Research by Bilicka [16] also found that managerial overconfidence 

(measured through the variable of overinvestment) has a positive impact on the internal 

financial situation and thereby improves firm performance. Vitanova [17] developed a 

model to explore CEO management decisions and its impact on internal governance. 

Vitanova presents theoretically that CEO overconfidence is also seen as a way of 

corporate governance that creates greater consensus among shareholders and 

management interests. Based on existing empirical studies (Zaludin et al [12]; Hossein 

Alidadi [13]), the author puts forward the research hypothesis H1: There is a positive 

correlation between CEO overconfidence and firm performance.  

3. Data and Methodology 

The author uses three measures of CEO’s overconfidence. First, the author regresses 

equation (1) [18] to find firms with superior cash flow as following model: 

OCFit = a0 + a1OCFit-1+ a2ARit-1 + a3APit-1 + a4INVit-1 + a5DEPit-1 + a6Otherit-1 + e1it  
                                                                                                                                       (1) 

Where: 

OCF is the operating cash flow (OCF = (EBIT + Depreciation - Tax); AR is the change 

in receivables; AP is the change in payables; INV is the change in inventories; DEP is 

the depreciation; Other represents the accrual (Other = Earning – (OCF + AR + INV – 

AP – DEP). 

Model 1 is regressed by year and industry; a company has excess cash flow when the 

residual e>0 and vice versa. 

Next, the author calculates the overinvestment behavior of the enterprise based on the 

method of (Tam P.H. et al., 2024) [19]. Through regression equation (2) as follows: 

 

Invit = b0 + b1Invi,t-1 + b2Dari,t-1 + b3Cashi,t-1 + b4Growthi,t-1 + b5Sizei,t-1 

+ b6Agei,t-1 + b7Reti,t-1 + e2it                                                                                          (2) 

Where: 

Inv is the new investment of company i in year t, divided by total assets; Dar is the debt 

ratio measured as total debt to total assets; Cash is the cash holding ratio; Growth is the 

revenue growth rate; Size is measured as the logarithm of total assets; Age is the age of 

the company's listing; Ret is the dividend distribution ratio. 

To strengthen the measure of overconfidence behavior, in this study, a company 

whose CEO has overconfidence behavior must satisfy both conditions: (i) has 

overinvestment and (ii) has surplus cash flow. The author assigns a value of 1. If a 

company satisfies both conditions, it means that the CEO at that company has 

overconfidence behavior. On the contrary, the CEO who does not have overconfident 
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behavior is assigned a value of 0. With this measurement is called the variable OC1 

(Over1).

The second measure, author uses the regression model through the origin (RTO) 

according to Adelman and Watkins [20] to measure the difference between planned 

EPS and actual EPS achieved as follows model:

EPSit =  + e3it                                                                                      (3)

The author also regresses equation (3) by industry group and year. Any enterprise with 

residual e3>0 shows that the income expectation exceeds others, it is assumed that the 

overconfident behavior of CEOs when they expected to be "better-than-average" [1]. 

This measure is called the Over2 in this paper.

In addition, authors such as Sumiyana Sumiyana et al. [8] argue that CEO’s 

overconfident will attempt to manage earnings upward. To inflate earnings, CEO’s 

overconfident tend to increase operating cash flow and reduce production costs. This 

result is similar to the result of Sumiyana Sumiyana et al. [8]. Therefore, some authors 

also measure CEO overconfidence through earnings management behavior [8]. 

However, according to accounting standards and corporate law, earnings management 

is a legal deviation from reported economic profits. Therefore, in this study, to solidify 

the measure of overconfidence behavior when using pure earnings management 

behavior, the author uses a combination of two conditions to confirm the CEO's 

overconfidence behavior: both overinvestment and earnings management behavior, 

especially revenue management. First, the author estimates the normal cash flow from 

business activities by assuming the normal OCF is a linear function of revenue and 

change in revenue, as follows:

OCFit/Assetit-1 = k1(1/ Assetit-1) + k2(Salesit/ Assetit-1) + k3(ΔSalesit/ Assetit-1) + e4it  (4)

In there: OCF = cash flow (CF) from operating activities; Asset = Total assets; Sales = 

Revenue; ΔSales change in revenue this year and last year.

Abnormal CF from operations (R-OCF) = actual OCF minus normal OCF calculated 

from regression equation (4). In case of abnormal cash flow >0, it is coded = 1 and vice 

versa =0 (no earnings management). After determining whether the business has 

earnings management, the author combines with the enterprise with overinvestment 

according to equation (2), if the enterprise has both revenue management and 

overinvestment, it will be assigned a value of 1 (the CEO enterprise has overconfidence 

behavior) and vice versa, it is assigned a value of 0 (the CEO enterprise does not have 

overconfidence behavior). By this measurement is called the variable OC3 (Over3).

Model for assessing the impact of overconfidence on firm performance:
Model 1: ROAit = β0+ β1Over1it +β2FOit + β3SOit +β4D-incomeit +β5Stock-growthit + 

β6CEO-Ownershipit +β7Sizeit + β8Ageit + β9Growthit + β10Levit + β11Liqit   + 

βj +uit                                                                                                       (5)
Model 2: ROAit = β0+ β1Over2it +β2FOit + β3SOit +β4D-incomeit +β5Stock-growthit + 

β6CEO-Ownershipit +β7Sizeit + β8Ageit + β9Growthit + β10Levit + β11Liqit + 

βj +uit                                                                                                      (6)
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Model 3: ROAit = β0+ β1Over3it +β2FOit + β3SOit +β4D-incomeit +β5Stock-growthit + 

β6CEO-Ownershipit +β7Sizeit + β8Ageit + β9Growthit + β10Levit + β11Liqit + 

βj +uit                                                                                                      (7)
Performance variables are used in the model; the author uses measures by ROA. The 

industries selected for this study include: (1) IT (industry-benchmark), (2) industrial 

production (CN), (3) medical & pharmaceutical (YD), (4) consumer (HHDV), (5) 

materials (NVL), (6) real estate (BĐS) (7) information and communication (TT). Data 

collected from non-financial listed companies from 2012-2022. 

4. Results and Discussion

Table 1. Descriptive results of variables

Variables Obs Min Medium Max Std Max

ROA 5,543 -0.62 0.06 0.84 0.08 0.84

SO 5,543 0.00 0.23 0.99 0.25 0.99

FO 5,543 0.00 0.09 0.95 0.14 0.95

D_income 5,543 0.00 0.09 0.49 0.14 0.49

Stockgrowth 5,543 -0.33 0.11 0.48 0.21 0.48

CEO_Owner 5,543 0.000 1.67 56.48 4.74 56.48

Size 5,543 23.33 27.39 33.99 1.59 33.99

Age 5,543 5.00 9.26 23.00 3.97 23.00

Growth 5,543 -1.00 0.31 244.45 4.27 244.45

Lev 5,543 0.001 0.48 1.37 0.22 1.38

Liq 5,543 0.03 2.66 146.92 4.66 146.92

Source: Author's calculation

Table 1 presents the results describing the variables (excluding variables with binary 

values 0 and 1). The ROA variable has an average value of 5.89%. Regarding 

ownership structure, it shows that state ownership accounts for an average of 22.58%, 

foreign ownership averages 9.88%, a fairly low rate even though Vietnam has allowed 

an increase in the ownership rate of foreign investors. The level of income 

diversification is still quite low, reaching only 0.09 (this value is calculated according 

to DINC = 1- HHI Index). The average market growth index is 10.86%, while in the 

decline period it is -33.24%, showing that this index has strong fluctuations. Regarding 

the ownership ratio of the CEO, the average holding ratio of the CEO is 1.67%, 

especially in enterprises where the CEO does not hold shares (0%), the highest ratio is 

56.48% belonging to major shareholders with controlling rights. The control variables 

such as age, size, revenue growth, leverage and liquidity have mean values of 9.26; 

27.38; 31.43%; 0.47 and 2.65 respectively.
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Table 2. Quantitative results of the impact of overconfidence on firm performance 

 

Variables 
Model1 Model2 Model3 

Pool-OLS GMM Pool-OLS GMM Pool-OLS GMM 

Over1 0.012* 0.012*         

Over2     0.042* 0.042*     

Over3         0.001 0.0006 

SO 0.037* 0.035* 0.041* 0.039* 0.038* 0.035* 

FO 0.062* 0.059* 0.042* 0.04* 0.062* 0.06* 

D_Income -0.007 -0.01 -0.006 -0.008 -0.007 -0.01 

Stockgrowth 0.006 0.005 0.009** 0.008** 0.006 0.005 

CEO_Owner 0.001* 0.0006** 0.0005* 0.0006* 0.0005* 0.0006** 

Size 0.005* 0.005* 0.005* 0.004* 0.005* 0.005* 

Age -0.001* -0.001* -0.001* -0.001* -0.001* -0.001* 

Growth 0.001*** 0.001** 0.0005 0.0005 0.001** 0.001** 

Lev -0.1398* -0.121* -0.1468* -0.129* -0.14* -0.122* 

Liq -0.0003 -0.0001 -0.0003 -0.0001 -0.0003 -0.0001 

BDS -0.016** -0.018* -0.017* -0.02* -0.017** -0.019* 

CN 0.006 0.002 0.004 0.0001 0.005 0.002 

YD 0,014 0.014 0.01 0.009 0.013 0.014 

HHDV 0.013** 0.011** 0.01*** 0.007 0.013** 0.011*** 

NVL 0.009 0.007 0.007 0.005 0.009 0.007 

TT 0.013*** 0.011 0.006 0.003 0.013** 0.01 

Const -0.033 -0.023 -0.035*** -0.025 -0.036*** -0.026 

 
Source: Author's calculation (*); (**); (***) corresponding to significant levels of 1%; 5% and 10% 

 

Table 2 shows the quantitative results of the impact of CEO overconfidence behaviors 

with other variables on book performance (ROA). The results of the three measures of 

CEO overconfidence behavior (Over1, Over2 and Over3) all show a positive impact on 

performance, in addition, both Pool-OLS and GMM methods show high agreement in 

research results. These results are consistent with the stated hypothesis H1. These 

results demonstrate the consistency and robustness of the measured variables and the 

research model. First, CEO overconfidence behavior measured by overinvestment 

(Overinvest) combined with cash flow (Over1) and excess earnings (Over2) all have 

positive impacts on book and market performance when considering statistically 

significant variables in both cases without considering interactions and considering 

interaction effects. This result is also consistent with the heuristic theory of Kahneman 

and Tversky [21] when it is assumed that the judgment of results based on patterns that 

have occurred in the past is highly representative, and past data has a great influence on 

decisions. This result is also consistent with the research results of Sumiyana Sumiyana 
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et al [8]. However, if CEO overconfidence caused by earnings management behavior 

through revenue management combined with overinvestment measured by (Over3) also 

has a positive effect on firm performance. When listed companies are public 

companies, they are subject to the control of many stakeholders, requiring transparency 

of information and other related reports. Therefore, confident behavior to create biased 

values beyond normal regulations or standards is easily recognized and will be 

monitored by more stakeholders or when the company is in a good business period, the 

industry is growing, then earnings management behavior is sometimes good for the 

company (Deepak Verma et al) [22]. 

The stock index growth variable has a positive and statistically significant effect. 

When the market grows, it shows a good economic situation, good prospects for 

business and industry development, investors expect higher growth and business 

valuation, so it has a positive effect on efficiency, especially market efficiency [23]. On 

the other hand, when the stock market is growing, the possibility of falling prices 

creating high returns will stimulate CEOs to make investment decisions but will cause 

poor performance [24]. The positive impact of state-owned enterprises on firm 

performance is due to the “helping hand” and “monitoring role” of the government. 

Foreign ownership variables both have positive and significant effects on book return 

(ROA) and market return. The reason why foreign ownership has a positive impact on 

efficiency is because of the contribution of foreign investors in many aspects such as 

management experience, investment experience, etc. Overconfident behavior under the 

regulation and control of foreign investors in this case has a positive impact on 

efficiency, thanks to their valuable contributions, thereby helping to improve business 

efficiency for enterprises. Income diversification variable exists inversely with 

efficiency. In addition, this result also holds when considering the interaction effect of 

diversification on overconfidence behavior. This result also supports the research 

results of Lim CY et al [25]. The results support the theory of economies of scale, 

when the impact of company size is positive and statistically significant, meaning that 

increasing scale will reduce cost issues, increasing efficiency. Revenue growth variable 

has a positive and statistically significant effect on performance [26]. This helps the 

company develop production and business activities, accumulate reinvestment capital 

and increase business efficiency. Regarding the impact of industry on book value added 

(ROA), the results show that real estate enterprises are less efficient than the standard 

industry (IT) and even other industries. Real estate is a special industry; it is not only 

an investment for profit but also a scarce investment asset. In addition, the results also 

show that businesses operating in the fields of pharmaceuticals, healthcare, industrial 

production; consumer goods and services are more effective than other industries.  

5. Conclusion and Recommendation 

Regarding the impact of Over variables on efficiency, the results are consistent in 

showing that the measures of overconfidence due to excess cash flow combined with 

overinvestment conditions (Over1), excess earnings compared to the industry (Over2) 

and overinvestment combined with revenue management have a positive (+) impact on 

efficiency measured by ROA. The surplus cash flow estimation equation (equation 1) 

shows that the calculation model is based on the time lag from the business results of 

the previous year, so when a business has surplus cash flow, it not only happens in the 

current year but also the good operating results of previous years. Therefore, although 
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surplus cash flow creates a confident mentality and also stimulates overinvestment, if 

this behavior is defended by the cash flow from business activities considered stable in 

previous years, it will contribute to increasing efficiency. Therefore, if a business has a 

continuous surplus operating cash flow, and decides to overinvest, causing the CEO to 

be overconfident also creates a positive signal in improving efficiency. These results 

show that when a CEO has overconfident behavior, it is necessary to check whether the 

cash flow is surplus or whether the income is reliably superior or not. If the causal 

conditions are not satisfied, the CEO's overconfident behavior not only does not 

increase efficiency but can also create risks for the business.  
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Abstract. Ground penetrating radar (GPR) is an important geophysical technique 

used in near-surface exploration to map subsurface features based on their dielectric 

properties. Accurate estimation of electromagnetic wave velocity plays a critical 

role in GPR data processing and result interpretation. This paper presents an 

electromagnetic wave velocity estimating method based on velocity scanning and 

migration imaging techniques. A velocity scanning range is set based on the initial 

electromagnetic wave velocity calculated from the hyperbolic geometry of the GPR 

image. This method performs the migration and binarization imaging for each 

velocity in the scanning range, and obtains the energy focusing index (EFI) that 

measures the imaging effect. The velocity that minimizes the EFI in the scanning 

range is the optimal one. 

Keywords. GPR detection, Velocity estimation, Velocity scanning, Migration 

imaging, Binarization imaging. 

1. Introduction 

Ground penetrating radar (GPR), characterized by high efficiency, convenience, high 

resolution and non-destructiveness, has been extensively utilized in near-surface 

geological investigations [1-3]. 

Electromagnetic wave velocity estimation plays a critical role in GPR synthetic 

aperture imaging and subsurface anomaly localization. Electromagnetic wave velocities 

are usually calculated based on empirical permittivity constants, which leads to low 

accuracy in localizing anomalies. In scenarios requiring enhanced detection precision, 

electromagnetic wave velocity can be determined based on hyperbolic reflection 

signatures present in GPR image data [4-7]. However, this method requires high-quality 

data and is highly susceptible to operator bias. Nagashima et al. (1993) developed an 

image edge detection-based methodology for automated extraction and fitting of 

hyperbolic radar echoes, reducing operator bias in velocity estimation [8]. Toru (1991) 
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pioneered the application of Hough transforms to GPR image for electromagnetic wave 

velocity estimation in early studies, but the method exhibits low computational efficiency 

and limited noise robustness [9]. The data processing methods for GPR exhibit 

substantial similarities to those used in seismic exploration. Several well-established 

techniques from seismic exploration—including migration imaging and velocity 

estimation methods—can be effectively adapted for GPR data processing [10-12]. 

Velocity spectrum analysis method is commonly used in seismic data processing to 

estimate the velocity of seismic waves, which can be used in seismic exploration and 

GPR common midpoint (CMP) data processing analysis, can also be applied to the 

common offset (CO) data processing [13]. The principle involves postulating a series of 

trial velocities and calculating the coherence of signals at different offsets or channels 

using hyperbolas determined by these trial velocities. The coherence values are then 

stacked and plotted in a velocity versus two-way vertical travel-time diagram, forming a 

velocity spectrum. Velocity spectra are imaged for a series of trial velocities in a process 

called velocity scanning. When a trial velocity approximates the true velocity, the stacked 

energy exhibits a peak in the velocity spectrum. Consequently, both the hyperbolic 

reflection velocity and two-way vertical travel-time can be extracted from the velocity 

spectrum [14-16]. However, field-acquired data often contain noise and errors, which 

can lead to mispositioning of energy peaks in velocity spectra during velocity scanning, 

thereby reducing the accuracy of velocity analysis. To mitigate this issue, this study 

introduces an improved approach: during velocity scanning, the migrated image is 

further converted into a binarized image, and an energy focusing index (EFI) is defined 

to measure the imaging quality. Instead of directly detecting energy peaks (maximum 

value) in the velocity spectrum, the method locates the troughs (minimum value) of the 

EFI, significantly enhancing the accuracy of velocity scanning results. 

In the proposed method, we firstly obtain an initial electromagnetic wave velocity 

based on hyperbolic geometry analysis of the GPR image. Subsequently, a velocity 

scanning range is established using this initial estimated velocity. For each velocity 

within the scanning range, the following steps are performed: (1) migration imaging, (2) 

binarization imaging, and (3) EFI calculation. The velocity corresponding to the 

minimum EFI is ultimately determined as the final result of this method. 

This study utilizes the finite-difference time-domain (FDTD) method to simulate GPR 

data [17-18]. In the synthetic example, the processing workflow is clearly demonstrated, 

and the velocity calculated by the method closely approximates the preset velocity. In 

field-acquired data application, the detected depth of the anomaly shows high agreement 

with the actual measured depth, confirming the method’s validity for practical 

applications. 

2. Methodologies 

2.1 Hyperbolic geometry analysis 

A region with distinct hyperbolic characteristics is selected in a typical GPR image (Fig. 

1), where the horizontal axis represents the antenna position along the survey line and 

the vertical axis represents the two-way travel time. Point 
0 0

( , )x t   represents the 

coordinates of the hyperbola’s vertex, while points 
1 1

( , )x t  and 
2 2

( , )x t  represent the 

coordinates of the reflection points. The burial depth of the reflector is h, the 
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electromagnetic wave velocity is 
0
v , and the time error between the picked time and the 

true travel time, arising from system latency and vacuum propagation delay, is denoted 

as 
s
t . 

 

Fig. 1. Schematic diagram of electromagnetic wave velocity determination based on geometric characteristics 

of GPR reflections. 

When the GPR device is positioned directly over the reflector, the following condition 

is satisfied: 

0 0

*( ) / 2sh v t t                          (1) 

The geometric relationship between points 0 0( , )x t  , 
1 1

( , )x t   and 2 2( , )x t   satisfies 

the following conditions: 

2 2 2

1 0 0 1( ) ( *( ) / 2)
s

h x x v t t                       (2) 

2 2 2

2 0 0 2
( ) ( *( ) / 2)

s
h x x v t t                       (3) 

By substituting Eq. (1) into Eq. (2) and Eq. (3), and then rearranging the terms, the 

following relationships are derived: 

2

1 0

1 02

0 1 0

4( )
2

( )
s

x x
t t t

v t t



  



                       (4) 

2
2 0

2 02
0 2 0

4( )

2

( )
s

x x
t t t

v t t


  


                       (5) 

By subtracting Eq. (5) from Eq. (4), the variable st  is eliminated, and the resulting 

equation can be rearranged to express 
0
v  as follow: 

1/ 2
2 2

1 0 2 0

0

1 0 1 2 2 0 1 2

( ) ( )
2
( )( ) ( )( )

x x x x

v

t t t t t t t t

 

 

   

                 (6) 
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2.2 Migration imaging 

The GPR waveform data is denoted as ( , 0, )u x z t  in this study, where x is the antenna 

position, t is the two-way travel time, and z is the depth below the ground surface (z is 

fixed to zero, since the antenna is moved on the ground). This paper employs the F-K 

(frequency-wavenumber) transform for migration imaging [19], with the primary steps 

outlined as follows: 

(1) Perform a two-dimensional fast Fourier transform (2D FFT) on ( , 0, )u x z t  

along the spatial (x) and temporal (t) axes, yielding the transformed result 

( , 0, )
x

U k z  . 

( , 0, ) ( , 0, ) x
jk x j t

x
U k z u x z t e e dxdt








                (7) 

2 2

2
x z

v
k k                            (8) 

where ω represents the angular frequency, v represents the electromagnetic wave velocity, 

x
k   and 

z

k   represent the wavenumber along the x-direction and z-direction, 

respectively. 

(2) Perform z-direction extrapolation on ( , 0, )
x

U k z   , yielding the transformed 

result ( , , )
x

U k z  . 

( , , ) ( , 0, ) z

jk z

x x

U k z U k z e                      (9) 

(3) Perform a 2D inverse fast Fourier transform (IFFT) on ( , , )
x

U k z  , yielding the 

transformed result ( , , )u x z t . 

( )

2

1

( , , ) ( , , )

(2 )

x
j k x t

x x

u x z t U k z e dk d


 





               (10) 

(4) Substitute Eq. (8) into Eq. (10), set the time variable t to zero, and solve for the 

migrated result ( , , 0)u x z t  . 

2 2

2
2 2

1
( , , 0) ( , 0, )

2 2(2 )
xz

jk xjk zz

z x z x z

x z

kv v
u x z t U k z k k e e dk dk

k k

   



   (11) 

2.3 Binarization imaging 

The preset velocity has a significant impact on migration imaging results. To intuitively 

evaluate the imaging quality, this study applies binarization imaging to the migrated 

images, obtaining binarized images [20-21]. The main steps are as follows: 

(1) Compute the mean energy u  of the migrated image. 

,

,

( , , 0) ( , , 0) / ( * )
M N

x z

u x z t u x z t M N                  (12) 

where M and N denote the number of points in the x-direction and z-direction, 

respectively. 
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(2) Compare the image energy values with a predefined threshold to obtain a binarized 

image u  , where values are classified as 1 (foreground) if their energy exceeds the 

threshold, and 0 (background) otherwise. 

1, ( , , 0) *
( , , 0) {

0, ( , , 0) *

u x z t u

u x z t

u x z t u





 
  

 
                 (13) 

where   denotes the threshold factor, typically selected within the range [0.6, 0.9], and 

is set to 0.8 in this paper. 

(3) Compute the energy focusing index (EFI, f ) for a binarized image to evaluate 

its migration imaging quality. 

,

,

( , , 0) / ( * )
M N

x z

f u x z t M N                      (14) 

2.4 Velocity scanning 

This study utilizes the electromagnetic wave velocities derived from hyperbolic 

geometry analysis as a reference to define a velocity scanning range, and the main steps 

are defined as follows: 

(1) Compute the initial relative permittivity (
0

r
 ) via the initial velocity (

0
v ) and the 

vacuum light velocity ( c ). 

0 2

0

( )
r

c

v

                             (15) 

(2) Compute the relative permittivity scanning range. 

0 0[ , , ]
r r r

d                               (16) 

where   denotes the half-scan length, typically selected within the range [3, 5]; d  

denotes the scan step, typically selected within the range [0.1, 0.5]. 

(3) Compute the scanning velocities. 

r

c

v



                             (17) 

For each trial velocity within this range, migration imaging, binarization imaging and 

EFI calculation will be performed, and the velocity with the minimum EFI will be the 

optimal velocity solved by this method. 

3. Synthetic example 

To present the processing procedure of the proposed method in detail, this study 

established a forward model, and obtained the forward GPR waveform data through the 

FDTD method [17-18]. The geoelectrical model is shown in Fig. 2, the main parameters 
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of the numerical simulation are shown in Table 1, and the corresponding GPR forward 

modeling image is shown in Fig. 3. 

 

Fig. 2. Geoelectrical model for GPR forward modeling. The relative permittivity (
r
 ) of the background 

medium is 8, and that of the anomaly is 3. The conductivity ( ) of the background medium is 10-3, and that 

of the anomaly is 10-4. 

Table 1. Parameters of the numerical simulation.  

Parameter Value Unit 

Main frequency 

Spatical grids 

9×108 

nx = 512, nz = 200 

Hz 

- 

Space step 

Time number 

dx = dz = 0.005 

nt = 1024 

m 

- 

Time step dt = 2×10-11 s 

Absorbing layer 

Relative permittivity 

Conductivity 

Permeability 

Lx = 10×dx, Lz = 10×dz 

background: 8, anomaly: 3 

background: 10-3, anomaly: 10-4 

4π×10-7 

- 

- 

S/m 

H/m 

 

Fig. 3. Original GPR image. Gray-scale image converted from forward modeling waveform data. 
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As can be seen from Fig. 3, the surface air-wave reflections exhibit notably strong 

energy (with travel times less than 1.8 ns), thereby attenuating the energy of reflections 

from deep-seated anomalies. To enhance the visibility of deep-seated anomaly reflections, 

this study applied a surface-wave suppression procedure to eliminate dominant near-

surface reflections, and the processed GPR image after suppression is illustrated in Fig. 

4. 

In addition, three additional reflection points were introduced in Fig. 4 following the 

methodology outlined in Section 2.1. The coordinates of the three introduced points are 

as follows: 
0
(1.28,7.79)P , 

1
(0.82,11.65)P  and 

2
(1.78,12.22)P . The electromagnetic 

wave velocity (
0
v ) calculated using Eq. (6) is 0.1065 m/ns. The vacuum light velocity 

( c  ) is 0.3 m/ns, and the theoretical relative permittivity (
r
 ) is 8. Therefore, the 

theoretical electromagnetic wave velocity calculated using Eq. (17) is 0.1061 m/ns. The 

close agreement between the theoretical electromagnetic wave velocity and the 

hyperbolic-geometry-derived velocity demonstrates the robustness of the proposed 

method. 

 

Fig. 4. Three typical reflection points selected from the original GPR image with surface reflection waves 

suppressed. 

This study subsequently established a scanning range of [4, 13] and a step increment 

of 0.25 for relative permittivity (
r
 ), sequentially testing each value within the range. 

For each trial value (applied to velocity calculation), we executed migration imaging, 

binarization imaging, and EFI computation, yielding the EFI variation curve shown in 

Fig. 5. The relative permittivity (
r
 ) corresponding to the minimum EFI in Fig. 5 is 8, 

which matches the theoretical value, thereby validating the accuracy of the proposed 

method. 

When the trial velocity is equal to the true velocity ( 8
r

   ), the migrated image 

concentrates energy primarily at the true reflector position, yielding a well-focused 

binarized image and a low EFI ( 0.00052f  ), as demonstrated in Fig. 6. 
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When the trial velocity is lower than the true velocity ( 10

r

  ), the migrated image’s 

energy diverges downward from the true reflector position, resulting in a downward-

diverging binarized image and an elevated EFI ( 0.00168f  ), as demonstrated in Fig. 

7. 

When the trial velocity is higher than the true velocity ( 6

r

  ), the migrated image’s 

energy diverges upward from the true reflector position, resulting in an upward-diverging 

binarized image and an elevated EFI ( 0.00334f  ), as demonstrated in Fig. 8. 

 

Fig. 5. Curve of EFI variation with relative permittivity for velocity scanning. The minimum EFI ( f ) is 

0.00052, and the corresponding relative permittivity (
r
 ) is 8. 

 

Fig. 6. Migrated and binarized images when the trial velocity is equal to the true velocity. (a) is the migrated 

image, (b) is the corresponding binarized image. 
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Fig. 7. Migrated and binarized images when the trial velocity is lower than the true velocity. 

 

Fig. 8. Migrated and binarized images when the trial velocity is higher than the true velocity. 

4. Field example 

To further test the applicability of this method with actual measured data, this study 

conducted GPR data collection and processing in a field setting. The survey area 

consisted of a homogeneous clay formation, with a buried 0.1-meter diameter 

polyethylene water pipe at a depth of approximately 0.7 meters. This study employed a 

GPR system with a center frequency of 400 MHz, and the antenna was dragged 

perpendicular to the water pipe orientation during data acquisition. 

The GPR image with removed air-wave reflections is presented in Fig. 9(a). The 

variation curve of EFI over the relative permittivity scanning range of [6, 16] is depicted 

in Fig. 9(b). The migrated and binarized images corresponding to the minimum EFI are 

presented in Fig. 9(c) and (d), respectively. 

In Fig. 9(b), the relative permittivity corresponding to the minimum EFI is 12.25, and 

the electromagnetic wave velocity calculated based on Eq. (6) is 0.0857 m/ns. The two-

way travel time of the anomaly in Fig. 9(d) is 16.91 ns, yielding a water pipe burial depth 
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of 0.72 m. This result closely matches field measurements, demonstrating the accuracy 

and effectiveness of the proposed method. 

 

Fig. 9. Velocity estimation results of the field GPR data. (a) is the raw image of the field data, (b) is the EFI 

curve of velocity scanning, (c) and (d) are the migrated and binarized images, respectively. 

5. Conclusions 

This study proposes a GPR electromagnetic wave velocity estimation method based on 

migration imaging and velocity scanning. The primary steps include: (1) estimating an 

initial velocity from hyperbolic geometry of the raw GPR image, (2) defining a velocity 

scanning range and performing migration imaging, binarized imaging, and EFI 

calculation for each trial velocity, and (3) identifying the trial velocity corresponding to 

the minimum EFI as the estimated electromagnetic wave velocity. To elucidate the 

procedural details of the proposed method, this study simulated GPR data using the 

FDTD method, and visualized the evolution of the EFI during velocity scanning. This 

study demonstrated the migrated and binarized images for trial velocities that were 

approximate, underestimated, and overestimated relative to the true velocity. These 

examples collectively illustrate the method’s sensitivity to velocity perturbations and its 

capability to converge toward the optimal solution. This method accurately retrieved the 

true electromagnetic wave velocity in the synthetic and field examples, validating its 

effectiveness and practicability in practical engineering implementations. 

(c) (d)
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The Impact of Climate Risks on Corporate 

Mergers and Acquisitions in 

Heavy-Pollution Industries 

Zongjie Huo1and Dan Feng 

Lanzhou University of Technology, China 

Abstract. This study examines the impact of climate risk on corporate merger and 
acquisition (M&A) decisions, using a sample of A-share listed firms in heavily 
polluting industries in China from 2016 to 2023. The findings reveal two key 
insights: First, climate risk significantly increases the likelihood of firms 
undertaking M&As, and this result holds after robustness checks. Second, 
government environmental subsidies strengthen the positive effect of climate risk 
on M&A activity. We therefore propose two policy actions. Firms should 
recognise the positive link and use acquisitions as a key response when climate 
risk rises. Governments should adopt rule-based environmental subsidies that 
allocate funds according to measurable climate performance to deter symbolic 
acquisitions. The study provides empirical evidence for corporate strategy and 
targeted environmental regulation under climate transition. 

Keywords. Climate Risk Corporate; Mergers and Acquisitions; Government 
Environmental Subsidies 

1. Introduction 

With the rapid development of the global economy, rising temperatures and the 

increasing frequency of extreme weather events caused by human activities have 

become undeniable facts. Over the past four decades, the occurrence of disasters such 

as floods and droughts has quadrupled, with insured losses from extreme weather in 

2024 alone reaching a record high. To address this systemic challenge, governments 

worldwide have introduced mandatory ESG disclosure regulations—for instance, the 

ISSB’s IFRS S1/S2 standards in 2023, which identify climate risk as a core disclosure 

requirement. Heavily polluting industries, characterized by high emissions and energy 

consumption, are particularly vulnerable. The power sector, responsible for nearly 40% 

of global carbon emissions, faces direct threats from extreme weather, which can 

damage raw materials, equipment, and infrastructure. Meanwhile, corporate 

development in Western economies has undergone four major waves of mergers and 

acquisitions (M&As) since the late 19th century, reflecting strategic adaptations in 

modern business. Recently, Chinese firms have also shown rising M&A activity in Belt 

and Road Initiative (BRI) regions and emerging markets. Lu et al. (2021) found that 

polluting firms significantly increase environmental investments through green M&As 
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[1]. M&As enable firms to consolidate resources, optimize supply chains, and achieve 

economies of scale, making them a key strategy for mitigating climate risks. However, 

existing research has paid limited attention to how climate risk influences M&A 

decisions in heavily polluting industries. This study fills this gap by examining the 

impact of climate risk on corporate M&As in China’s high-pollution sectors. Our 

findings provide critical insights for both managerial strategy and environmental policy, 

justifying the significance of this research. 

2. Related works 

Climate risk significantly impacts corporate management. Liu (2025) demonstrated that 

increased climate risk awareness substantially improves corporate ESG performance 

[2]. Guo et al. (2025) examined the impact of climate change on Chinese firms' 

performance, revealing that meteorological disasters significantly reduce corporate 

performance [3]. Regarding M&A research, Linan et al. (2023) investigated how CEO 

narcissism affects acquisition decisions, finding that executive personality traits and 

equity incentives influence M&A behavior [4]. Yang et al. (2024) showed that when 

firms in an industry face environmental penalties, their peers tend to increase green 

M&A activities [5]. Guangrui et al. (2023) found that polluting firms are more likely to 

pursue (or avoid) green M&As when investors assign higher (lower) premiums to such 

deals [6]. Current research remains limited in examining M&A behavior and its 

implications for heavily polluting industries facing climate risks. This study addresses 

this gap and provides empirical evidence to inform policy-making. 

3. Research Design 

3.1 Sample Selection and Data Sources 

This study examines 1,027 A-share listed companies in heavily polluting industries on 

the Shanghai and Shenzhen stock exchanges from 2016 to 2023. After excluding 

ST/*ST firms and observations with missing key variables, the final dataset comprises 

6,320 valid firm-year observations. We measure climate risk using a text-based 

analysis of corporate annual reports. Firm-level financial and governance data are 

sourced from the CSMAR database. 

3.2 Variable Definitions 

Independent Variable: Climate Risk. Following Jian et al. (2020), we construct a 

climate risk dictionary containing 98 keywords (e.g., "earthquake," "typhoon," 

"rainfall," "water level," "solar energy") [7]. We calculate the frequency of these terms 

in annual reports and normalize them by the total word count to derive our climate risk 

index. A higher value indicates greater climate risk exposure. 

Dependent Variable: Corporate M&A. If a sample firm engaged in M&A during 

the year, it was assigned a value of 1; otherwise, it was assigned a value of 0. 

Control Variables: Control variables were divided into two categories: board-level 

and financial-level variables. Details are shown in Table 1. 
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Table 1. Variable Definition Table 

Category Variable Measurement methods 

dependent 
variable 

MAD Binary dummy variable: Take 1 if a merger occurs in the current year 
and 0 if no merger occurs 

independent 
variable 

CR Climate risk CR keyword frequency/total number of MA&D sections 

Moderating 
variables 

GES1 Government environmental subsidy plus one, taking the natural 
logarithm 

Control 
variables 

SIZE 
The natural logarithm of a company's total assets at the end of the year 

 LEV Total liabilities/total assets of the enterprise at the end of the year 

 ROE The ratio of a company's net profit at the end of the year to its average 
net assets 

 Growth (Current period revenue - previous period revenue)/ previous period 
revenue 

 Cashflow Net cash flows from operating activities/total assets 

 Top10 The combined shareholding ratio of the top ten shareholders 

 Board Total number of board members 

4. Empirical Results 

4.1 Descriptive Statistics 

As shown in Table 2, the mean value of climate risk (CR) is 0.233 with a standard 

deviation of 0.237, indicating significant cross-firm variation in climate risk exposure. 

The maximum value reaches 1.186, suggesting some firms face risk levels five times 

higher than the average. For merger and acquisition decisions (MAD), the mean is 

0.216 (SD = 0.411), reflecting an asymmetric distribution consistent with the 

infrequent and heterogeneous nature of industry M&A events. Only selected control 

variables are reported. 

Table 2. Descriptive Statistical Results 

Variables N Mean Sd Min Max 

CR 6320 .233 .237 0 1.186 

MAD 6320 .216 .411 0 1 

SIZE 6320 22.493 1.414 18.127 26.366 

4.2 Baseline Regression Results 

Table 3 presents the baseline regression results. The coefficient of CR is positive and 

statistically significant at the 5% level, indicating that climate risk has a significantly 

positive effect on corporate M&A decisions. Specifically, higher climate risk exposure 

increases the likelihood of firms engaging in M&A activities. This occurs because 

climate risk erodes competitive advantage, intensifies financing constraints and 

tightens environmental regulation, thereby compelling high-polluting firms to acquire 

green resources rapidly, circumvent regulatory penalties and restore market confidence 

through mergers and acquisitions, generating a positive feedback loop in which higher 
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risk strengthens acquisition incentives. This paper only reports selected control 

variables' regression coefficients. 

Table 3. Benchmark regression results of climate risk on corporate mergers and acquisitions 

Explanatory variables MAD 

CR 0.410 * * 

 (2.194) 

SIZE 0.069* 

 (1.725) 

ROE 0.015*** 

 (3.914) 

Growth 0.003** 

 (2.245) 

Constant 1.727 * * 

 (-2.014) 

Observations 6320 

R2 0.012 

Note: The t-statistics are in parentheses, ***p<0.01, **p<0.05, *p<0.10 

4.3 Robustness Tests 

(1) Alternative Dependent Variable 

We replace the dependent variable with M&A deal value (MAamount). As shown in 

Column (1) of Table 4, the coefficient of climate risk (CR) remains positive and 

statistically significant at the 5% level, indicating a significant positive impact on 

M&A deal values. These findings indicate that climate risk significantly influences 

both the decision to undertake M&A and the amount invested, thereby enhancing the 

reliability and persuasiveness of our results. 

(2) Exclusion of Pandemic Period 

After excluding data from the COVID-19 pandemic period (2020-2022), the 

results presented in Column (2) of Table 4 show that climate risk maintains its positive 

and statistically significant (at 5% level) effect on M&A decisions. This further 

strengthens the reliability of our findings, confirming that the results are not driven by 

the COVID-19 period. 

Table 4. Robustness Test Results 

Explanatory variables 
(1)Alternative Dependent Variable (2)Exclusion of Pandemic Period 

MAamount MAD 

CR 1.68e+08** 0.547** 

 (2.117) (2.279) 

Controls Yes Yes 

Constant 7.34e+08 -0.348 

 (0.769) (-0.314) 

Observations 6320 3722 

R2 0.011 0.009 

Note: The t-statistics are in parentheses, ***p<0.01, **p<0.05, *p<0.10 

Z. Huo and D. Feng / The Impact of Climate Risks on Corporate Mergers and Acquisitions 677



4.4 Moderating effect analysis 

In the moderation test, we use government environmental subsidies (GES1) as the 

moderator and create the interaction term after mean-centering. Table 5 shows that the 

coefficient on c_CR×c_GES1 is positive and significant at the 5% level. This 

indicates that higher subsidies strengthen the positive effect of climate risk on 

acquisition decisions. Subsidies lower the cost and resistance of acquisitions under 

climate risk by providing capital, signalling policy endorsement, and incentivising 

green innovation. 

Table 5. Regression results of the moderating effect of government environmental subsidies 

Explanatory variables MAD 

c_CR 0.363 * 

 (1.925) 

c_GES1 0.004 

 (0.667) 

c_CR*c_GES1 0.045 * * 

 (1.985) 

Controls Yes 

Constant 1.574 * 

 (-1.812) 

Observations 6320 

R2 0.012 

5. Conclusion and Discussion 

Prior work shows that acquisition decisions depend on executive traits and equity 

incentives [4], industry regulation [5], and investor preferences [6]. We extend this 

literature by introducing climate risk. Using data on Chinese heavy-polluting listed 

firms, we find: (1) climate risk (CR) significantly increases the probability of making 

an acquisition (MAD); (2) government environmental subsidies strengthen this effect 

by lowering green-transition costs and raising expected acquisition returns. 

Our findings show that firms can use climate-risk indicators to anticipate when 

acquisitions are necessary to protect long-term value. The results also inform China’s 

dual-carbon regulation for heavy-polluting industries. Firms should recognise the 

positive link between climate risk and acquisitions, treat acquisitions as a key response 

when climate risk rises, and run pre-deal climate assessments. Policymakers should 

strengthen this incentive with targeted environmental subsidies: widen coverage, 

allocate funds on clear climate metrics, and set up an evaluation system to block 

symbolic acquisitions. 

Limitations and future research. The study uses only Chinese heavy-polluting 

listed firms. Cross-country data are needed to test whether the findings hold in other 

institutional settings. 
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Abstract: This study aims to explore the impact of digital technology-enabled 

virtual integration on corporate performance in a technologically turbulent 

environment, revealing the mechanism of virtual cooperation. Drew upon the 

perspective of demand-side virtual integration and employing structural equation 

modeling with Partial Least Squares Regression on a sample of 701 Chinese 

manufacturing enterprises, the research found that: 1) Technological turbulence 

promotes inter-firm virtual integration among enterprises; 2) Virtual integration has 

a positive impact on operational efficiency, but only deep-level virtual integration 

has a positive effect on operational effectiveness; 3) Virtual integration partially 

mediates the relationship between technological turbulence and operational 

performance; 4) Image differentiation positioning has a positive moderating effect 

on the relationship between technological turbulence and virtual integration. The 

findings help to deeply understand virtual integration strategies in modern business, 

and provide a theoretical supplement to the research on digital technology-driven 

inter-organizational collaboration and coordination. 

Keywords: Digital technology; Virtual integration; Big data application; 

Technological turbulence; Differentiated positioning 

1. Introduction 

With the empowerment and integration of digitization, big data has become a key force 

in promoting industrial transformation and reshaping competitive advantages. By 

applying big data, enterprises can not only access fixed and structured information but 

also gain more impactful dynamic and unstructured information. Diverse data and 

information enable enterprises to quickly perceive market demands and opportunities 

and convert them into actual products and services using existing resources and 

capabilities, as well as allow them to collect and analyze competitor data, and adjust 

business models and strategies. Similarly, applying big data also provides robust support 

for inter-firm collaboration. It not only enables information and data sharing but also 

helps organizations optimize internal and partner business processes by identifying and 

improving ineffective processes, reducing redundant ones and resource wastage. 

However, evidence of the collaborative effects supported by digitization still needs to be 

enriched. 
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Along with the transformation and upgrade of digitization, virtual integration 

supported by digital technology as an emerging quasi-vertical integration is widespread 

in supply chain collaboration practices. Virtual integration is different from vertical 

integration. Virtual integration is a hierarchical governance mechanism. Vertical 

integration means incorporating upstream and downstream creation activities within the 

enterprise's boundaries, transforming market transactions into internal organizational 

coordination. It can offer many benefits, including reducing transaction costs, enhancing 

control over critical resources and capabilities in the value chain, increasing the 

enterprise's market power, and preventing the leakage of technology and critical 

information. Unlike vertical integration, virtual integration is a relationship 

governance[1], an important strategic choice for supply chain cooperation in digital 

transformation. 

Virtual integration, supported by digital technology, integrates internal functions 

with external collaborating enterprises, crossing organizational boundaries to achieve  

operational efficiency and customer responsiveness[2]. In contrast to the internalization 

of external functions in vertical integration, virtual integration strategies often emphasize 

the "deconstruction" of organizational structures - eliminating non-core functional units 

(such as distribution channels) but obtaining these services through virtual integration 

with partners who provide these functions (such as distribution, marketing, and 

advertising)[2]. Tight inter-organizational coordination, flexible organizational 

structures (systems), and a focus on core competencies are the three basic characteristics 

of virtual integration. 

Research on this quasi-integrated inter-firm cooperation can be traced back to the 

1980s and has been continuously deepened with the development of information and 

communication technologies (ICT). Early literature exploratively discussed the 

fundamental concepts and frameworks[3], as well as practical cases[4] of inter-

organizational information systems,  and their role in creating competitive advantages[5]. 

In the 1990s, researchers paid significantly more attention to this research theme, with 

the number of related literatures increasing sharply. The virtual cooperation at this stage 

was mainly based on the Electronic Data Interchange (EDI) system, with "Electronic 

integration" emerging as a widely adopted term, while widely employed empirical 

analysis methodologies. At the end of the 1990s, Michael Dell explicitly introduced the 

concept of "virtual integration" when expounding on the business model of Dell 

Computer Corporation[6]. Since then, this term has gradually become a representative 

theoretical expression in this field. 

Over the past few decades, scholars have explored various aspects of virtual 

integration, including the operation of virtual integration in SMEs, factors influencing 

virtual integration[2, 7]; partners selection in virtual integration[8], costs and limitations 

of virtual integration, and factors influencing enterprises' adoption of virtual integration 

strategies[2], and so on. Studies have found that the profitability of virtually integrated 

enterprises is better than that of physical integration with virtual integration enterprises, 

suggesting that virtually integrated enterprises have higher turnover rates, thereby 

improving operational efficiency. However, previous research has mainly focused on the 

supply-side virtual integration, with relatively insufficient attention paid to the demand-

side ones. The inherent mechanism by which digitally enabled virtual integration affects 

enterprise performance under the key dynamic context of technological turbulence 

remains to be further clarified. Furthermore, there is a lack of systematic discussion on 

the boundary conditions (such as image differentiation positioning) among technological 

turbulence, virtual integration, and enterprise performance. Therefore, clarifying how 
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technological turbulence affects enterprise performance through virtual cooperation can 

not only enrich the theoretical framework of inter-organizational virtual cooperation but 

also provide important practical insights to respond to technological changes and 

optimize virtual integration strategies. 

The paradigm of "Environment-Strategy-Performance(E-S-P)" has been adopted in 

numerous research (e.g. Mokhtarzadeh et al., 2022; Fernandes,2017)[9, 10]. Enterprises 

are just a subsystem of the environment in which they operate. Changes in the external 

environment often lead to alterations in an enterprise's internal structures, organizational 

behaviors, etc. An organization can maintain and enhance its performance only by 

adapting to the environment and avoiding the impacts of environmental uncertainty[11, 

12]. Following the E-S-P research paradigm, this study aimed to explore the relationship 

between technological turbulence, virtual integration, and enterprise performance under 

a differentiation strategic positioning, hoping to enrich the theory of virtual integration 

and be beneficial to practice. 

2. Theoretical background and hypothesis 

Some companies carry out value chain activities with a high vertical integration structure, 

while others do so by stretching their functions to outside partners based on digital 

technology support[13]. There are various modes of cooperation arrangements available 

for companies, such as buyer-producer alliances, strategic supplier relationships, 

outsourcing, joint ventures, franchising, joint R&D activities, and joint marketing 

arrangements[14]. With the rapid development of digital technologies and the prominent 

drawbacks of highly vertical integration, many companies are adopting the virtual 

integration model in practice as an alternative to the Vertical Integration strategy. 

Virtual integration involves core companies and partners leveraging digital 

technology to conduct cross-organizational activities such as information sharing, 

process collaboration, knowledge integration, and coordinated innovation, ultimately 

achieving value co-creation. So far, researchers have explained virtual integration 

differently. Angeles et al.(2001)[15] described virtual integration as supply chain 

manufacturers achieving further integration of information, operations, and decision-

making based on cross-organizational information systems support. Sha et al.(2005) 

[8]view virtual integration as a collaborative network of production and distribution that 

brings together several independent business partners to efficiently and effectively 

collaborate in planning, execution, and control. Abebe (2007) [2] considers virtual 

integration as an organizational strategy that integrates internal functions with suppliers 

and distributors, crossing organizational boundaries to coordinate for effective operation 

and rapid  customers response. In this study, virtual integration refers to a quasi-

integration model in which focal manufacturing enterprises, supported by digital 

technologies, replace traditional market or hierarchical governance through data sharing 

and dynamic collaboration. Its  characteristics  include: 1) Virtual integration strategies 

are based on digital technology; 2) Virtual integration strategies represent an extension 

of organizational structures, linking core internal functions with external related 

functions through digital technology to achieve related function services; 3) The core of 

virtual integration lies in cross-organizational coordination, where companies achieve 

virtual integration goals through inter-organizational collaborative planning, execution, 

and control. Through digital technology support, enterprises can effectively integrate and 

control their activities with upstream and downstream partners. 
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Inter-firm cooperation is an intermediate structure in the institutional continuum 

between market and hierarchical governance. It extends beyond fundamental resource 

sharing to involve deep multidimensional collaboration, such as R&D, market strategies, 

and customer services. Within the research framework of virtual integration, this study 

defines information sharing in core business processes (e.g., order processing, logistics 

tracking) as basic integration, characterized by relatively loose collaboration. Whereas 

collaboration enabling full-chain data interoperability (e.g., collaborative production 

planning, joint R&D) is defined as deep integration, which requires establishing a long-

term and dynamically adjustable collaboration mechanism. Core companies and their 

partners can effectively improve supply chain performance[16], reduce collaboration 

costs[17], and realize value creation by sharing information. Deep integration, as cross-

organizational process re-engineering, not only can address the interface issues of cross-

organizational business processes, and streamline processes for standardization and 

efficiency, but also, with the support of digital technology, can redefine the tasks and 

roles of member enterprises in the process, effectively eliminating non-value-added 

activities. 

Referencing Kim et al. (2018) [18]and Tang et al. (2022)[19], this study divides 

virtual integration into two dimensions: electronic coordination and collaboration. 

Electronic coordination involves the execution and control of virtual integration, while 

electronic collaboration involves channel activity, cooperation, and collaboration. 

2.1. Technological Turbulence and Inter-enterprise Virtual Integration 

Environmental Uncertainty refers to sources of events or trends that bring opportunities 

and challenges to enterprises. Technological uncertainty, particularly the continual 

emergence and rapid iteration of emerging technologies, profoundly impacts enterprises' 

strategies, organizational structures, and behavior. It is an undeniable source of 

uncertainty in the contemporary economy. 

As a subsystem of a larger environmental system, organizations are often influenced 

by  environment changes. According to organizational adaptation theory, as an adaptive 

system, organizations can adjust their characteristics in response to environmental 

changes to achieve optimal or at least acceptable functionality[20, 21]. Facing intense 

technological turbulence, cooperation in the supply chain can address information 

asymmetry, and reduce the difficulty of market forecasting, thereby enhancing 

enterprises' adaptability. As an adaptive system, it would be wise for virtually integrated 

enterprises to increase the degree of virtual integration in response to the technological 

environment changes to enhance adaptability and match with uncertain environments 

(Schilling et al., 2001). Therefore, we can hypothesize:  

H1: The higher the technological turbulence, the higher the extent of virtual 

integration between enterprises and their partners. Specifically: 

H1a: The higher the technological turbulence, the higher the extent of electronic 

coordination between enterprises and their partners. 

H1b: The higher the technological turbulence, the higher the extent of electronic 

collaboration between enterprises and their partners. 
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2.2. Virtual Integration and Enterprise Performance 

Virtual integration enterprises can engage in information and data sharing, process 

collaboration, knowledge integration, and collaborative innovation with upstream and 

downstream partners based on digital technology support. It can not only improve 

enterprises' control over processes, reduce or eliminate waste, and optimize inventory 

and transportation, thereby significantly enhancing manufacturers' production 

performance and supply chain operations[22], but also enhance the ability to manage 

demand fluctuations , and reduce the bullwhip effect. Additionally, virtual integration 

among supply chain partners can improve feedback speed and error-correcting ability, 

enhance supply chain flexibility, improve supply chain agility, strengthen cooperation 

relationships, and enhance resource utilization, which are beneficial to yield cost 

advantages [7]. Therefore, it is reasonable to believe:  

H2: Inter-firm virtual integration enhances enterprise operational efficiency. 

Specifically: 

H2a: Inter-firm electronic coordination enhances enterprise operational efficiency.  

H2b: Inter-firm electronic collaboration enhances enterprise operational efficiency.  

H3: Inter-firm virtual integration enhances enterprise operational effectiveness. 

Specifically: 

H3a: Inter-firm electronic coordination enhances enterprise operational 

effectiveness. 

H3b: Inter-firm electronic collaboration enhances enterprise operational 

effectiveness.  

2.3. Moderating Effect of Differentiated Strategic Positioning 

Differentiation strategy is fundamental to building and maintaining competitive 

advantages. The differentiation can originate from: (1) Product differentiation, 

manifested by providing unique products and features; (2) Service differentiation, i.e., 

providing unique, superior service beyond the norm to customers, such as offering 24-

hour fast service channels, product consultation, or after-sales services; and (3) image 

differentiation, which creates a unique corporate image or brand personality distinct from 

competitors. 

Product differentiation depends on the products’ or its users’ characteristics. 

Generally, product differentiation can manifest as exceptional quality[23], which 

involves product performance, durability, reliability, and consistent specifications. 

Excellent product quality is a crucial competitive factor. Product differentiation can also 

be characterized by innovative features, directly reflected in the product itself, such as 

novelty or continuous product updates. 

Image differentiation involves creating and conveying a unique corporate image or 

brand personality, enabling consumers to distinguish the organization from its 

competitors. It is a fundamental strategy for firms to gain a competitive advantage. 

Corporate social responsibility (CSR) is a powerful means of shaping image 

differentiation, which refers to corporations’ accountability towards society, the 

environment, and stakeholders while pursuing economic objectives[24]. This 

responsibility includes compliance with laws, ethical norms, environmental protection, 

public welfare, employee welfare, and other aspects. By engaging in CSR, enterprises 

can more easily build a good reputation and shape a unique brand image in the minds of 
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consumers. This differentiated image is difficult to imitate, as it involves the enterprise's 

values, culture, and sense of social responsibility, which are a unique competitive 

advantage. 

In a multifaceted system, corporations can enhance their virtual integration with 

supply chain entities, thereby efficiently mitigating unforeseen occurrences and 

augmenting their resilience in addressing the uncertainties engendered by technological 

fluctuations. In order to promote strategic alignment, entities that have achieved virtual 

integration will engage in collaborative orchestration with partners who are more 

facilitative of achieving strategic goals, guided by their prevailing strategic orientation. 

This strategic orientation will likely elicit more advantageous organizational behaviors 

to fulfill the concomitant strategic objectives. A differentiated strategic orientation 

enables virtually integrated enterprises to undertake preemptive strategies in response to 

the uncertainties deriving from technological instability. Thus, it can be hypothesized: 

H4: The clearer the product differentiation positioning, the stronger the impact of 

technological turbulence on inter-enterprise virtual integration. Specifically: 

H4a: The clearer the product differentiation positioning, the stronger the impact of 

technological turbulence on inter-enterprise electronic coordination. 

H4b: The clearer the product differentiation positioning, the stronger the impact of 

technological turbulence on inter-enterprise electronic collaboration. 

H5: The clearer the image differentiation positioning, the stronger the impact of 

technological turbulence on inter-enterprise virtual integration. Specifically: 

H5a: The clearer the image differentiation positioning, the stronger the impact of 

technological turbulence on inter-enterprise electronic coordination. 

H5b: The clearer the image differentiation positioning, the stronger the impact of 

technological turbulence on inter-enterprise electronic collaboration. 

 
Figure 1. Conceptual framework 

3. Methodology 

This study focused on manufacturing firms on the Chinese mainland, using the Likert 5-

point scale as the analytical instrument. Through a questionnaire survey, 701 valid 

samples were collected, with a response rate of nearly 15%. The scale items are revised 

from previous research to reflect the concrete circumstances. During modifying  scales, 

input from several corporate executives was actively sought. 

3.1. Technological Turbulence  

Technology changes involve not only product technologies but also logistics technology, 

etc. The results of such changes are reflected in new products, the optimized 
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manufacturing processes and distribution channels. Accordingly, this study measured the 

extent of technological turbulence in terms of the change of product and logistics process 

technology, with three items: a. Speed of changes in logistic processes; b. Speed of 

changes in core production processes; c. the speed at which products become obsolete. 

3.2. Virtual Integration 

Previous research has focused on virtual integration in operation execution, process 

planning, and control. The item's content includes aspects such as order tracking, market 

information sharing, production coordination, inventory coordination, support for 

material or component design, and support for quality control[7, 15]. Based on these, this 

study adopted Kim et al. (2018)[18] and Tang et al. (2022) [19]and divided it into two 

dimensions. One is electronic collaboration, measured with three items: 1) vendor-

managed inventory or consignment stock; 2) plan, forecast and replenish collaboratively; 

and 3)time replenishment. The other is electronic coordination, measured with items 

such as 1) inventory information sharing; 2) production planning and demand forecasting 

information sharing; and 3) order tracking. 

3.3. Operational Performance 

Operational Performance is a multidimensional concept often measured in efficiency and 

effectiveness[25]. Efficiency is the degree to which an enterprise uses internal resources 

economically, and effectiveness is the degree to which it achieves its goals. This study 

also used efficiency and effectiveness to estimate firms' operational Performance. 

Efficiency was measured with 1) Labor productivity, 2) Inventory turnover rate, 3) 

Capacity utilization rate, and effectiveness with: 1) Unit production costs, 2) 

Procurement costs, and 3) Manufacturing cost[26]. 

3.4. Differentiation Strategy Positioning 

There are two ways to measure product innovation: one is by R&D investment, as seen 

in Boehe et al.(2010)[23], using "product-related R&D investment, process-related R&D 

investment, and launching new products" to measure product differentiation. The other 

is by the innovative features the product presented, which this study adopted, and 

measures it with items as (1) a broader product range, (2) more frequently introducing 

new products, and (3) the products provided are more novel. 

Corporate social responsibility (CSR) is a powerful means to shape a unique image. 

Therefore, this study operationalizes image differentiation positioning as a CSR. CSR 

entails a firm's responsibility towards stakeholders, the environment, and society while 

conducting business operations. Boehe et al. (2010)[23] measured it with four indicators 

-"social or environmental certification, input certification, environmental protection, and 

social responsibility reputation". According to Boehe and Cruz (2010) [23], this study 

measured it with items such as (1) employee satisfaction, (2) Environmental protection 

effect, and (3) Social reputation. 
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4. Methodology, Measurement Model and Reliability, Validity, and Common 
Method Bias 

The analysis unit in this study is the digital collaboration relationships between Chinese 

manufacturing enterprises and their channel partners. Data were collected through a 

questionnaire survey using Convenience Sampling, with the respondents being middle 

or senior managers of enterprises (e.g., department directors and deputy general 

managers). Finally, A total of 701 valid questionnaires was obtained. The samples 

mainly cover four major manufacturing industries: electronics and information industry 

(30.16%), chemical industry (27.42%), machinery manufacturing industry (15.00%), 

and biology & pharmaceuticals (17.74%), with other sectors accounting for 9.68% in 

total. Notably, high-tech manufacturing (electronics and information + biology & 

pharmaceuticals) and chemicals account for more than 70%. In terms of enterprise scale, 

small and medium-sized enterprises are the mainstay (accounting for 85.8%), with large 

enterprises (over 1,000 employees) accounting for about 14%, and enterprises (under 

500 employees) accounting for more than 60%. Geographically, samples were mainly 

concentrated in China's three major economic circles ( 30% each), with other regions 

accounting for about 10% of the total. 

Table 1. Factors, Items, Loadings, CR, and AVE 

variable items std. 
loading CR AVE 

Technical 

turbulence 

The speed of new products becomes obsolete 0.508 0.648 0.384 

The speed of core production processes changes. 0.695   

The speed of logistics processes changes.  0.641   

electronic 

coordination 

Sharing inventory information. Electronically. 0.771 0.797  0.567 

Sharing production planning and demand forecasting 

information electronically. 
0.783 

  

Order tracking electronically. 0.702   

electronic 

collaboration  

Vendor-managed inventory or consignment stock 

electronically. 
0.723 0.784 0.549 

Plan, forecast, and replenish collaboratively 

electronically. 
0.782   

Complete timely replenishment through the support of 

electronic technology. 
0.715   

efficiency 

Labor productivity compared to competitors  0.712 0.755 0.507 

Inventory turnover compared to competitors  0.688   

Capacity utilization compared to competitors  0.736   

effectiveness 

The unit manufacturing cost compared to competitors 0.751 0.756 0.508 

The procurement costs compared to competitors 0.661   

The manufacturing overhead costs compared to those of 

competitors 
0.724   

product 

differentiation 

positioning  

a broader product range 0.609 0.794 0.57 

more frequently introduce new products  0.92   

Products more innovative 0.702   

image 

differentiation 

positioning 

The employee satisfaction 0.619 0.812 0.595 

Environmental protection effect 0.816   

Social Reputation 0.858     

The study conducted a confirmatory factor analysis (CFA) using AMOS 23 to 

analyze the measurement model. The model converged smoothly, and the fit indices were 

satisfactory: χ2/df=2.088, less than 3; GFI=.947, CFI=.958, IFI=.958, TLI=.948, all 

above 0.9; RMSEA=.039, less than 0.08.  

Composite Reliability (CR) reflects the internal consistency of factor indicators. A 

higher CR value indicates greater internal consistency of the factors. Hair (1997) 

[27]suggested that 0.7 was satisfactory and implied that internal consistency was good. 
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Fornell and Larcker (1981) [28]recommended that the CR value should be greater than 

0.6. and all factor loadings were acceptable[27], indicating good internal consistency. 

Convergent validity tests whether the indicators focus on the measurement factors. The 

average Variance Extracted (AVE) value is usually used to estimate the Convergent 

Validity. The higher the AVE value is, the more the indicators can represent the 

measured factor. When the AVE value is above 0.5, the Convergent Validity is 

satisfactory. The convergent validity is acceptable if the value is between 0.36 and 0.5  

[28]. In this study, all AVE values were above the acceptable threshold. Discriminant 

validity tests the extent to which a construct is genuinely different from another. High 

Discriminant Validity indicates that the construct is unique, the other constructs cannot 

represent the object it represents. If the correlations of a factor with all other factors are 

lower than its square root of AVE, it is considered that the factors have better 

Discriminant Validity. Tables 1 and 2 show that the discriminant validity of the factors 

is satisfactory. Specific factor loadings, CR, and AVE values can be found in Table 2.  

Measurement errors can be considered based on the latent variable technique. . At 

the same time,  the main effects are being estimated to assess whether such errors would 

undermine any statistical relationships within the results. Additionally, it allows for 

testing of potential common method variance (CMV) issues at a confidence level, 

determining whether CMV would inflate or weaken the effects obtained. Harman's 

single-factor test is a common method to detect common method bias. If CMV is severe, 

a single latent factor can explain all variables[29], while a poor fit in single-factor 

analysis indicates that CMV does not pose a serious threat to the estimation results[30]. 

In this study, a single-factor CFA analysis was conducted on all items, and the model fit 

was as follows: χ2/df=14.417 GFI=.649, AGFI=.582, CFI=.419, IFI=.422, TLI=.364, 

RMSEA=.138. The poorer fit of the single-factor CFA model suggests that the CMV is 

not a significant threat to the estimation results. 
Table 2. Means, Standard Deviations, and Correlations 

 variable Mean std. 1 2 3 4 5 6 7 

Technical turbulence 3.115 0.837 .620       

Electronic coordination 3.338 1.008 .115** .753      

Electronic collaboration 2.604 1.043 .226** .423** .741     

Efficiency 3.288 0.570 .168** .180** .193** .712    

Effectiveness 3.123 0.564 .139** .148** .210** .650** .713   

Image differentiation positioning 3.286 0.925 .423** .110** .202** .154** .206** .755  

Product differentiation positioning 3.393 0.586 .147** .207** .179** .576** .485** .184** .771 
Note: N=701 two-tailed test. ** P<.01, * p<.05. The values in the lower triangle represent correlations, 

and the values on the triangular lines represent the square roots of AVE. 
 

As shown in Tables 1 and 2, the discriminatory validity of the factors is satisfactory.  

5. Hypothesis Testing and Discussion  

In this study, we employed structural equation modeling (SEM) to test the indirect effects 

and Partial Least Squares Regression (PLS) to examine the moderating effects of 

differentiated strategic positioning. The structural equation model converged normally, 

and the model fit was satisfactory with χ2/df=2.37, less than 3; GFI=.957, AGFI=.940, 

CFI=.955, IFI=.956, TLI=.945, all greater than 0.9; RMSEA=.044, less than 0.08. The 

results are presented in Figure 2. 
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Figure 2. SEM Estimation Results 

5.1. Path Coefficient Estimation 

From the path coefficients shown in Figure 2, hypotheses H1 and H2 both received 

support, with path coefficients (two-tailed test) as follows: H1a: .215 (p<0.001); 

H1b: .346 (p<0.001); H2a: .139 (p<0.01); H2b: .113 (p<0.05). Hypothesis H3 received 

partial support. 

Hypothesis H1 proposed that in the face of technological turbulence, firms will 

strengthen inter-organizational virtual integration to enhance adaptability. The test 

supports this hypothesis. The study shows that the uncertainty brought by technological 

turbulence significantly affects electronic coordination and collaboration. In enterprise 

operations, product  and logistics technology changes would trigger changes in a firm's 

practices and possibly its business models, leading to adjustments and optimizations in 

inter-organizational coordination and collaboration. The test results for hypothesis H1 

provide theoretical evidence for the relationship between technological turbulence and 

inter-organizational virtual integration. 

Hypotheses H2 and H3 assumed that virtual integration benefits firm operational 

efficiency and effectiveness. Hypothesis H2 received support, while hypothesis 3 

received partial support. The results show that both electronic coordination and 

collaboration have a significant positive impact on a firm's operational efficiency. 

However, electronic collaboration has a significant impact on operational effectiveness, 

while electronic coordination does not. The reason may be that information and data 

sharing increase transparency, enhancing operational efficiency. However, information 

transparency itself cannot directly bring about operational benefits and needs to go 

through other transformation mechanisms. Therefore, in the practice of demand-side 

virtual integration, we not only need to pay attention to information and data sharing but 

also need to emphasize collaboration in channel activities. 

Wang et al. (2006) Previous studies found that supply-side virtual integration helps 

manufacturers achieve greater operational benefits and efficiency[7]. This study, starting 

from demand-side virtual integration, empirically demonstrates that demand-side virtual 

integration also helps improve a firm's operational performance. 

5.2. Mediating Effects 

There are many methods to test mediation effects, with the most widely used being the 

causal steps approach proposed by Baron and Kenny (1986)[31]. However, the causal 

Y. Tang / The Impact of Virtual Integration Under Differential Strategic Positioning 689



 

 

steps method has two main drawbacks: low testing power[32-34] and it does not base the 

quantification of the mediation effect, but is inferred from a set of testing results. The 

coefficient product method is another commonly used method for mediation testing. The 

Sobel test is the most famous method in this category. However, it has a significant flaw: 

it requires the sample distribution of the indirect effect to be normal. However, the 

distribution of a*b is often asymmetric, with skewness and kurtosis [35]. Conversely, the 

BOOTSTRAP test  has stronger testing power [36, 37] and avoids the limitations in the 

causal steps approach and the Sobel test[33]. It is currently a superior method for 

estimating indirect effects. This study also adopted this method for the mediation effects.  

As shown in Table 3, the Z-values of indirect, direct, and total effects of both paths, 

"Technical Turbulence-Virtual Integration-Effectiveness” and “Technical Turbulence-

Virtual Integration-Efficiency” are all above 1.96. At a 95% confidence level, both the 

Bias-Corrected and Percentile estimates have confidence intervals that do not include 0. 

All these indicate that virtual integration plays a partial mediating role between 

technological turbulence and operational performance.  

Table 3. Mediator effect report 

Effect  Point estimate Bootstrapping 
Bias-Corrected 95% CI Percentile 95% CI 

β SE Z Lower Upper Lower Upper 
Technical turbulence -Virtual integration-effectiveness  

Total effects .149 .042 3.548 .070 .231 .074 .237 

Indirect Effects .057 .023 2.478 .026 .108 .022 .101 

Direct Effects .092 .046 2.000 .010 .169 .014 .174 

Technical turbulence -Virtual integration-effectiveness  

Total effects .161 .040 4.025 .085 .238 .091 .243 

Indirect Effects .042 .018 2.333 .015 .079 .012 .074 

Direct Effects .119 .042 2.833 .049 .195 .053 .201 

5.3. Moderating Effects 

A moderating variable  affects the relationship between two or more variables[38]. 

Ordinary Least Squares (OLS) regression is the most common method for estimating 

moderating effects. This study also employed this method to examine the moderating 

effect. Before conducting the regression analysis, the independent variables of 

technological turbulence and the moderating variables of product differentiation 

positioning and image differentiation positioning were centered[38, 39]. The analysis 

results, as shown in Table 4, except for Model 4, the coefficients of the interaction terms 

in Models 2, 6, and 8 are significant, and the ΔR2 and ΔR2 adjusted values are significant. 

The results suggest that product differentiation positioning moderates the relationship 

between technological turbulence and electronic coordination. In contrast, image 

differentiation moderates the relationship between technological turbulence and both 

electronic coordination and collaboration. Therefore, Hypotheses H4a, H5a, and H5b are 

supported, while Hypothesis H4b is not. 

Table 4. Report on Regression Analysis Results 

 E-coor E-coor E-colb E-colb    E-coor E-coor E-colb E-colb 

  Model 1 model 2 Model 3 Model 4    Model 5 model 6 Model 7 Model 8 

constant 3.338*** 3.308*** 2.966*** 2.965***  constant 3.338*** 3.322*** 2.966*** 2.956*** 

TT 0.101* 0.097 0.244*** 0.244***  TT 0.105 * 0.096* 0.255 *** 0.250 *** 
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PDP 0.081 0.085 0.061 0.062 IDP 0.334*** 0.278*** 0.170* 0.140 *

TT*PDP 0.092* 0.003 TT*IDP 0.232*** 0.148*

R2 0.018 0.024 0.049 0.049 R2 0.050 0.065 0.056 0.061 

Adjusted R2 0.015 0.020 0.047 0.045 Adjusted R2 0.047 0.061 0.053 0.057 

Adjusted R2 0.018 0.006 0.049 0.004 Adjusted R2 0.050 0.015 0.056 0.006 

F Change 6.337** 4.265*
18.073*** 0.004 F Change 18.390*** 11.081***20.540*** 4.126*

Note: two-tailed test. *** p<.001; *p<.01; *p< .05; TT –Technical turbulence; PDP – product differentiation 

positioning; IDP - image differentiation positioning; E-coor –electronic coordination; E-colb –electronic 

collaboration

To more intuitively capture the moderating effect of differentiated positioning, this 

study, based on the simple slopes method, used one standard deviation above and below 

the mean of the moderating variable to represent high and low values[39, 40], and plotted 

moderation diagrams illustrating these moderating effects: the effect of product 

differentiation positioning on technological turbulence and electronic coordination, as 

well as the effect of image differentiation positioning on electronic coordination and 

collaboration, as shown in Figures 3, 4, and 5.

Figure 3. product differentiation positioning (PDP) on Technical Turbulence (TT)and Electronic 

Coordination (E-coor)

The diagram in Figure 3 shows that the two curves representing the high and low 

groups intersect, indicating that product differentiation positioning positively moderates 

the relationship between technological turbulence and electronic coordination. The more 

pronounced a firm's product innovation differentiation strategy is, the more virtual 

integrated enterprises are likely to enhance inter-firm electronic coordination, to improve 

their adaptability to environments characterized by technological turbulence.

Figure 4. Image Differentiation Positioning (IDP)on Technical Turbulence (TT)to Electronic Coordination 

(E-coor)

y g
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Figure 5.  Image Differentiation Positioning (IDP) on Technical Turbulence (TT) and Electronic 

Collaboration (E-colb)

Figures 4 and 5 demonstrate that image differentiation positioning positively 

moderates the relationship between technological turbulence and virtual integration. 

They indicate that the more pronounced a firm's image differentiation positioning is, the 

more beneficial it is to enhance the inter-firm virtual integration to improve adaptability.

The results of the regression analysis partially support the hypothesis that a firm's 

differentiated strategic positioning moderates the relationship between technological 

turbulence and inter-firm virtual integration. Specifically, the moderating effect of 

product differentiation positioning on the relationship between technological turbulence 

and inter-firm electronic collaboration is not significant. The reason may stem from the 

differential adaptability of "soft differentiation capabilities" (image differentiation) 

versus "hard differentiation attributes" (product differentiation) to distinct cooperation 

modes under technological turbulence. Image differentiation positioning, with its global 

influence and trust-signaling capacity, can meet the core needs of electronic coordination 

(e.g., data sharing) and electronic collaboration (e.g., resource co-creation). In contrast, 

product differentiation positioning, which focuses on the tangible attributes of products 

with limited impact (e.g., confined to R&D), can only adapt well to e-coordination needs 

(process alignment, information synchronization), but cannot meet the e-collaboration's

demand (e.g., cross-enterprise strategic synergy). The results show that in virtual 

cooperation, "soft power" is more compatible than "hard power", offering a new direction 

for alliance strategies in a turbulent environment.

6. Conclusions and Future Research Directions

Virtual integration has become one of the emerging research focuses in recent years. In 

contrast to previous studies that mainly focused on the supply side of virtual integration, 

this study emphasizes the demand side. Using the "Environment- Strategy- Performance" 

framework, we explored the relationships among technological turbulence, virtual 

integration, and business performance under differentiation positioning. We found:(1) 

inter-organizational virtual integration partially mediates technological turbulence and 

business performance, and (2) differentiation strategic positioning moderates the 

relationship between technological turbulence and virtual integration. In terms of the 

impact of virtual integration on business performance, inter-organizational electronic 

collaboration significantly affects both business efficiency and business effectiveness, 

while electronic coordination has a significant impact on business efficiency but not on 

business effectiveness. 
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This study is helpful to the theoretical understanding of inter-organizational virtual 

integration supported by digital technology. The depth of virtual integration varies, with 

coordination and control being the more basic levels, inter-enterprise collaboration and 

synergies, joint decision-making, and knowledge innovation, representing higher levels. 

This study found that deeper cooperation, such as process integration and collaborative 

decision-making, has a greater impact on business performance. Business management 

is a complex engineering system, and firms should strive for balance among various 

business strategies and focus areas. In the process of digital collaboration, given that 

"soft power" is more compatible than "hard power," strategic priorities should be 

adjusted accordingly under the constraint of limited resources. 

Of course, this study also has limitations and shortcomings. Firstly, the samples have 

certain limitations. In distribution, though SMEs are dominant, micro-enterprise samples 

are relatively few. Regional distribution is concentrated in developed areas, with 

insufficient samples from underdeveloped regions. Thus, future research should balance 

sample distribution to enhance the findings' universality. Secondly, environmental 

uncertainty involves various sources. Besides technological changes, other sources such 

as market fluctuations and regulatory changes may also introduce uncertainty. Exploring 

how these uncertainties influence inter-organizational virtual integration is worth further 

attention. Additionally, as virtual integration is a new inter-organizational coordination 

mechanism, the role of trust between virtually integrated firms in virtual integration, and 

for Chinese enterprises, how guanxi impacts virtual integration within the context of 

Chinese culture, are important areas for further research. 
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A Study on the Coordination of Recruiting 
Farm Volunteers Through Green Tourism: 

An Interview with JA Tourism & 
Communications 

Hiroyuki MURATA1 
Ohara Graduate School of Accounting, 1-2-10 Nishi-Kanda, Chiyoda-ku, Tokyo, Japan 

Abstract. This study investigates the coordination of recruiting farm volunteers 

through green tourism in Japan, addressing the research question: What key factors 

are necessary to further develop the recruitment of farm volunteers through green 

tourism? A semi-structured interview with JA Tourism & Communications was 

analyzed using a matrix diagram, through which the "Promotion of Communication" 

emerged as a key theme. Drawing on Aoki’s collaborative development theory and 

Kaneko’s volunteer theory, the study highlights the need for farmers’ willingness 

and volunteers’ understanding to address communication barriers, offering insights 

for rural revitalization. 

Keywords. Farm volunteers, green tourism 

1. Introduction 

According to the "Tourism Nation Promotion Basic Plan," green tourism is defined as a 

form of leisure activity that involves staying in rural areas to experience nature, culture, 
and engage with local communities. It is highlighted as a prime example of new tourism, 

distinct from traditional sightseeing trips [1]. Green tourism is anticipated to serve as an 

effective strategy for rural areas to attract farm volunteers from outside their 

communities. According to an announcement by the Ministry of Agriculture, Forestry 
and Fisheries, the amount of abandoned farmland in Japan will reach approximately 

257,000 hectares in 2023, which is an area larger than the area of Saga prefecture 

(approximately 244,000 hectares) [2]. In addition, Japanese agriculture is experiencing 

a labor shortage caused by the declining number of agricultural workers and the rapid 
aging of the rural population [3]. Government statistics highlight that the number of core 

individuals primarily engaged in farming continues to decrease, with no signs of this 

trend slowing down (see Table 1 for details) [4]. Given these circumstances, farm 

volunteers are expected to play an increasingly important role in the effective use of 
farmland in the future. As Murata (2025) points out, addressing agricultural challenges 

in rural areas is essential for strengthening the sustainability of society as a whole [5]. 

Japan which has the fastest aging population in the world [6] and a significantly declining 
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birthrate, faces a particularly urgent situation. Therefore, the findings of this study, which 
uses Japan as a case study, may offer valuable insights for tackling similar issues in other 

countries facing demographic and agricultural challenges. 
Building on the above background and recognition of the issues outlined above, this 

study focused on the recruitment of farm volunteers through the framework of "green 
tourism" and posed the following research question: What key factors are necessary to 
further develop the recruitment of farm volunteers through green tourism? To address 

this question, a semi-structured interview was conducted with JA Tourism & 

Communications, a leading organization in this field. The interview aimed to examine 
the organization’s current practices and challenges, and to explore the broader 

implications of these findings, including the identification of essential elements for future 

development. 

 
Table 1. Changes in the Number of Core Persons Mainly Engaged in Farming (2000–

2020). 

million million million million million

people people people people people

Age 65 million million million million million

or older people people people people people

 Ratio 51.2 % 57.4 % 61.4 % 64.9 % 69.6 %

Average years years years years years

age old old old old old

1.36
engaged in farming

2000 2005 2010 2015 2020

Core persons mainly
2.40 2.24 2.05 1.76

62.2 64.2 66.2 67.1 67.8

1.23 1.29 1.26 1.14 0.95

 
Source: Created by author from [4].  

2. Materials and Methods 

The survey was conducted through a semi-structured interview held on December 23, 

2024, via Zoom, with JA Tourism & Communications, a leading organization in 
coordinating efforts to engage farm volunteers through green tourism. 

2.1. Farm Volunteers and Green Tourism 

Farm volunteers have gained increasing attention as a valuable labor resource for 

agricultural management entities facing worker shortages, with local governments and 
non-profit organizations (NPOs) playing a central role in recruiting participants [4]. 

However, challenges remain, such as the low level of public awareness about farm 

volunteer activities [7]. As a result, there is ongoing discussion about the need to enhance 

the recognition of farm volunteers and explore effective methods for recruiting them [8].  
Green tourism has been promoted as a policy in Europe since the 1980s. [9]. In Japan, 

the term "green tourism" first appeared in government documents in 1992 and has 

gradually gained traction across the country since then [10]. As previously mentioned, 

green tourism is defined as a form of leisure activity that involves staying in rural areas 
to enjoy nature, experieince local culture, and engage with rural communities [1]. In this 

H. Murata / A Study on the Coordination of Recruiting Farm Volunteers Through Green Tourism 697



sense, green tourism fosters urban-rural interaction, with farm volunteer activities 
serving as a representative example of this concept [11].  

One of the key challenages in implementing farm volunteer programs through green 

tourism lies in matching prospective participants with suitable host farmers and 

coordinating events effectively. Aoki (2022), for instance, highlighted an initiative in 
Odawara City, Kanagawa Prefecture, which sought to cultivate agricultural workers 

through green tourism. This initiative was not undertaken solely by the city government 

but was carried out in collaboration with an outside coordinator [12]. As a result, the 

program achieved high levels of participant satisfaction, and attracted over 800 
individuals between 2018 and 2020 [12].  In contrast, typical farm volunteer activities 

are often organized independently by municipalities, which issue public calls for 

participants. However, from the standpoint of effective matching and coordination, it 

may beneficial for municipalities to collaborate with external organizations that possess 
relevan expertise and experience, rather than managing such programs on their own. 

2.2. JA Tourism & Communications 

JA Tourism & Communications is a general incorporated association under Japan 

Agricultural Cooperatives (JA), headquartered in Tokyo [13]. This association was 
established with the goal of promoting public-interest tourism businesses in 1967 [13]. 

Its articles of incorporation outline its mission is to promote and revitalize rural areas, 

foster tourism, and conduct public relations, surveys, and research related to these efforts 

[13]. In doing so, the association aims to contribute to the creation of vibrant local 
communities where people can lead fulfilling lives [13]. 

2.3. Activities to Be Interviewed 

This study focuses on issues related to the coordination of recruiting farm volunteers 

through green tourism. As such, the interview was conducted with JA Tourism & 
Communications, which carries out activities most closely aligned with the subject of 

this research, specifically the Nekonote Ennoutai initiative. Nekonote Ennoutai aims to 

support Japan's rural areas, which are grappling with labor shortages due to depopulation 

and an aging population, by recruiting volunteers to assist with agricultural work [13]. 
The initiative also seeks to foster a deeper understanding of food and agriculture through 

direct interaction with crops, soil, and farmers [13]. 

The 2023 Nekonote Ennoutai activities, which involved 21 events and 199 

participants, were analyzed (see Table 2 for details). These 21 activities were categorized 
based on their content and the Japan Standard Industrial Classification (JSIC) published 

by the Ministry of Internal Affairs and Communications [14]. For each category, the 

interviews were conducted to explores three main topics: (1) the difficulties and 

challenges involved in planning and implementing these activities, (2) the satisfaction of 
host farmers and the potential interest among other farmers, and (3) the potential demand 

among participants (farm volunteers).  In the analysis, the interviews were first carefully 

transcribed and summarized without losing their meaning. The key information from 

these interviews was then organized by category and topic using a matrix diagram, which 
served as the basis for the subsequent analysis. 

As Ninomiya (2018) emphasizes, agriculture differs significantly from other 

industries due to its inherent uncertainty and regional specificity [15]. In other words, 

agriculture is characterized by the constant need to respond flexibly to unforeseen 
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circumstances and customize to suit regional characteristics [15]. In particular, when 
focusing on regional specificity, it is unlikely that a one-size-fits-all solution can be 

applied across the board [15]. Consenquently, this study attempts to categorize and 

discuss agriculture in each project as a whole, there may be some inconsistencies with 

this perspective. However, it remains feasible to consider agricultural support through 
green tourism as a form of package travel product, which allows for a general discussion 

while maintaining a degree of objectivity. 

Table 2. Overview of the 21 Activities of Nekonote Ennoutai. 

Locations Months Remarks

C3 Flower farming Picking tulip flowers Takaoka City (Toyama Pref.) 6 people Apr. Stay

C2 Vegetable farming Cutting Shiitake mushrooms Yamatsuri Town (Fukushima Pref.) 16 people Apr. Stay

C4 Rice farming Planting rice Kimino Town (Wakayama Pref.) 2 people May Day trip

C1 Fruit farming Growing grapes Obuse Town (Nagano Pref.) 10 people Jun. Stay

C3 Flower farming Tidying up carnations Hadano City (Kanagawa Pref.) 26 people Jun. Day trip

C1 Fruit farming Picking plums Annaka City (Gunma Pref.) 12 people Jun. Day trip

C1 Fruit farming Growing Feijoas Iwaki City (Fukushima Pref.) 6 people Jul. Stay

C1 Fruit farming Picking mandarin oranges Oi Town (Kanagawa Pref.) 9 people Jul. Day trip

C2 Vegetable farming Planting cabbages Otari Town (Nagano Pref.) 9 people Aug. Stay

C1 Fruit farming Growing Chestnuts Ena City (Gifu Pref.) 8 people Sep. Stay

C4 Rice farming Harvesting rice Kimino Town (Wakayama Pref.) 3 people Oct. Day trip

C2 Vegetable farming Growing turnips Matsumoto City (Nagano Pref.) 7 people Oct. Stay

C1 Fruit farming Growing persimmons Marumori Town (Miyagi Pref.) 7 people Nov. Stay

C1 Fruit farming Harvesting yuzu fruits Yamatsuri Town (Fukushima Pref.) 8 people Nov. Stay

C1 Fruit farming Harvesting mandarin oranges Kamogawa City (Chiba Pref.) 8 people Dec. Day trip

C1 Fruit farming Harvesting mandarin oranges Oi Town (Kanagawa Pref.) 18 people Dec. Day trip

C6 Aquaculture Washing oyster shells Iki City (Nagasaki Pref.) 6 people Dec. Stay

C5 Grain farming Sorting soybeans Hayakawa (Yamanashi Pref.) 10 people Jan. Stay

C2 Vegetable farming Harvesting Chinese cabbages Tatebayashi City (Gunma Pref.) 11 people Jan. Day trip

C2 Vegetable farming Harvesting cabbages Otari Town (Nagano Pref.) 9 people Feb. Stay

C2 Vegetable farming Shiitake mushroom cutting Yamatsuri Town (Fukushima Pref.) 8 people Mar. Stay

Categories Abstructs of the activities Participants

 
Source: Created by author from [13]. 

3. Results and Discussion 

The results and discussion of the interview are presented below. Notably, "Promotion of 

Communication" emerged as a key element, providing a direct response to the research 

question. 

3.1. Interview 

The main findings from the interview are summarized in the matrix diagram (see Table 

3 for details). In terms of general participant characteristics, Nekonote Ennoutai does not 

specify a particular target group. However, the majority of participants tend to be active 

seniors aged 65 and over. These participants are often financially secure, have an interest 
in agriculture, and seek both leisure and hands-on experiences through their invlovement. 

While JA Tourism & Communications aims to attract a more diverse demographic, 

including younger generations, it currently faces challenges in determining effective 

strategies to appeal to these groups. 
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To recruit host farmers, JA Tourism & Communications collaborates with local JA, 
municipal governments, and local revitalization cooperation teams. Rather than targeting 

all farmers in a region, the association focuses on supporting those who express a 

willingness to host farm volunteers, often cultivating these relationships through 

involvement in other community-based projects. Host farmers appear to benefit in two 
primary ways from accepting participants: access to a supplementary labor force and 

opportunities for personal interaction with volunteers. The former is typically the main 

motivation, and in many cases, host farmers report satisfaction with the labor support 

provided. The latter benefit includes opportunities for direct exchange with consumers, 
enabling farmers to share insights and receive feedback regarding agricultural practices, 

such as how products are sold and product quality. These interactions often serve as 

platforms for mutual learning, such as discussions on marketing methods, consumer 

perceptions, and the challenges of farming. 
However, there are also notable challenges. Many farmers are not naturally inclined 

toward open communication, which sometimes necessitates mediation by the association 

or local coordinators to facilitate dialogue between farmers and participants. This 

required level of interaction can be tiring for some farmers and is recognized as a key 
issue. Additionally, local acceptance plays a critical role; it is important to have 

community members who are open to welcoming outsiders. Although it can be difficult 

to verbally convey the benefits of hosting volunteers, farmers often gain understanding 

and appreciation after experiencing it firsthand. That said, during the initial stages, some 
farmers hesitate to participate due to concerns about how they might be perceived by 

their peers, preferring to avoid potential social friction. 

Table 3. Matrix diagram of interview results. 

C1 Fruit

farming

- Active seniors are the primary

participants, but there are also a number

of individuals in their 40s and 50s.

- Participants are easy to recruit and events

tend to be easy to hold.

- Host farmers, particularly those who are

small-scale and facing a labor shortage,

tend to report high levels of satisfaction

with the program.

- To increase the number of participants, it

is important to hold more day trips.

C2 Vegetable

farming

-

-

Active seniors are the primary

participants.

There are many repeat participants and

many women attending alone.

- Many events require overnight stays,

which places a relatively heavy burden

on participants.

- Because a lot of physical labor is

involved, it contributes greatly to the host

farmers.

- There is a high level of satisfaction in

being able to witness the production of

brand crops and experience the rural

areas.

C3 Flower

farming

- The participants are diverse (active

seniors, young people, first-time

participants, repeat visitors, etc.).

-

-

Due to being delicate crops, on-site and

work management is crucial.

There are some difficulties in gathering

host farmers.

- Host farmers, particularly those who are

small-scale and facing a labor shortage,

tend to report high levels of satisfaction

with the program.

- The words of gratitude from the host

farmers resonate with the participants,

which contributes to their satisfaction and

encourages repeat participation.

C4 Rice

farming

-

-

Active seniors are the primary

participants.

There seemes to be a regional difference

between the east and west  in the

awareness of participants.

- Unlike other categories, participants need

to contact the host farmers directly to

apply to participate.

- Due to factors such as cost-effectiveness,

the satisfaction of host farmers may not

be very high.

- The key to attracting participants is to

highlight the appeal of the event, such as

opportunities to learn about rural areas.

C5 Grain

farming

- Many of the participants are active

seniors and repeat visitors.

- This activity is organized in collaboration

with a tourism association, but organizing

events has become increasingly difficult

due to the aging local population.

- As this is a long-running activity, there

seems to be a high level of satisfaction

among the host farmers.

- Since it is a hot spring resort, some

people are attracted to participate for this

reason.

C6 Aqua-

culture

-

-

There are many repeat participants

among the younger generation.

Many participants are from the Kanto

region.

-

-

Plannning and holding activities has been

running smoothly.

Since travel involves a ferry, it is difficult

to carry out the tour in bad weather.

- The demand for labor increases during

the oyster harvesting season, leading to a

high level of contribution from

participants and greater satisfaction

among the host farmers.

- There is high demand for visiting remote

islands, and many participants are

interested in the activity because it offers

an experience that is difficult to have on

their own.

Items related to participants Items related to planning and holding Items related to host farms Other itemsCategories

 
Source: Created by author. 

 
Of the total 21 activities, nine fall under the category of "Fruit farming (C1)”, 

making it the most popular and in-demand activity among participants. Several factors 

contribute to this popularity: the tasks are relatively straightforward, focusing on 
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handling fruit, and participants often receive fruit as a souvenir, which adds an appealing 
incentive to their experience. 

"Vegetable farming (C2)" is the second most popular category, accounting for six 

out of the 21 total activities. Similar to C1, the tasks in C2 are easy for participants to 

understand. What particularly attracts them, however, is the opportunity to observe the 
production of brand-name vegetables, which adds an educational and unique element. 

Additionally, since vegetable farming typically involves more physical labor than fruit 

farming, host farmers tend benefit more from the support provided by farm volunteers.  

In contrast, the remaining activity categories were held less frequently. "Rice 
farming (C4)" and "Grain farming (C5)" were notably less popular compared to the other 

categories. Attracting participants for rice farming has been particularly challenging, 

pointing to the need to enhance its appeal. Grain farming, on the other hand, has faced 

difficulties due to the aging population within the local tourism associations, making it 
increasingly difficult to coordinate and host events, contributing to the decline in their 

frequency. Despite their limited occurrence, "Aquaculture (C6)" and "Flower farming 

(C3)" remain popular among participants. Both categories are highly seasonal, limiting 

how often they can be offered. Aquaculture activities, in particular, often involve long-
distance travel and ferry rides, making them less practical to organize regularly. However, 

the opportunity to engage in such a unique and rare experience contributes significantly 

to their appeal. In the case of flower farming, while the host farms are typically small-

scale and the tasks short-term, the heartfelt expressions of gratitude from the farmers left 
a strong impression on participants. This emotional connection appears to be a key factor 

in encouraging repeat participation. 

Given the nature of green tourism, which involves recruiting farm volunteers, 

several challenges related to planning and implementation of activities has been 
identified. However, in the case of "Flower farming (C3)," a notable factor contributing 

to participant satisfaction and repeat attendance is the heartfelt expressions of gratitude 

from host farmers. This emotional exchange appears to resonate deeply with participants, 

and be particularly prominent in this category, which is an aspect worth highlighting. 

3.2. Key Element: "Promotion of Communication" 

In the previous section, the interview results about Nekonote Ennoutai were discussed. 

It could be surmised that the answer to the research question of this study ("What key 
factors are necessary to further develop the recruitment of farm volunteers through green 
tourism?") is the "Promotion of Communication." Specifically, the "Promotion of 

Communication" refers to encouraging farmers to share honest opinions and feedback to 

farm volunteers, either before or after their participation. In fact, as demonstrated in the 

case of "Flower farming (C3)," when words of farmers are conveyed to participating 
farm volunteers, it can significantly encourage repeat participation. Therefore, it is 

naturally desirable to expand such opportunities for communication to other agricultural 

support activities as well. As indicated in the interview results, the degree to which the 

gratitude from the host farmers resonated with the participants was particularly evident 
in "Flower farming (C3)." This finding suggests that there is potential room for growth 

in other categories, where such messages have not yet effectively reached participants. 

The key to realizing the "Promotion of Communication" lies in the willingness of 

the farmers themselves. As revealed in the interview results, a number of farmers 
experience difficulty with interpersonal communication. For such farmers, it may be 

difficult to convey their honest feelings and opinions (not just gratitude but also other 
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thoughts) to the participants, and doing so may be mentally exhausting. Admittedly, there 
are both advantages and disadvantages to persuading farmers of the need to promote 

communication and encouraging them to make such efforts, especially given the 

anticipated difficulties some may face. Nonetheless, if society envisions a future in which 

farm volunteers are widely accepted and effectively contribute to addressing the labor 
shortages in Japanese agriculture, then fostering communication between farmers and 

volunteers becomes an essential endeavor. Indeed, Aoki (2004) also points out that a 

fundamental point for promoting green tourism is for hosts to have autonomy and 

openness [16]. Based on this, he develops the collaborative development theory, which 
argues that rural revitalization and the promotion of green tourism can be achieved 

through cooperative efforts between urban and rural areas, grounded in a shared 

awareness of common challenges [16]. Furthermore, Kaneko’s theory of volunteering 

provides valuable insight in support of encouraging willingness and autonomy among 
farmers, particularly in terms of fostering openness and communication. Kaneko (1992) 

defines volunteering as a profoundly engaging process of relational discovery, in which 

the boundries between "helping" and "being helped" become increasingly blurred, 

rendering distinctions between giver and receiver less relevant [17]. He emphasizes that 
volunteers act with the expectation of receiving some form of reward, and that the true 

value of volunteering arises when this reward is perceived not as something earned 

independently, but as something given by another. According to Kaneko, volunteers find 

meaning in the mutuality of the relationship—when they feel they have been supported, 
have learned from others, or have been able to contribute meaningfully, the value lies in 

that shared experience [17]. From this perspective, improving opportunities for host 

farmers to express their honest feelings and opinions can enhance the overall value that 

volunteers derive from their participation. This, in turn, may lead to the expansion of 
farm volunteer activities. The utility of farm volunteer labor in agricultural management 

has been demonstrated both in the interview findings presented in this study and in 

Murata’s (2023) research [8]. It is therefore desirable to make full use of this labor 

resource while simultaneously fostering an environment in which both volunteers and 
host farmers can engage in the kind of mutual discovery and relational depth described 

by Kaneko. Murata (2023) further argues that in order to sustain and expand initiatives 

like the one examined in this study, it is essential to develop a self-sustaining system 

driven by the voluntary actions of those involved [8]. Creating the kind of 
communicative and reciprocal environment described above could be a significant step 

toward realizing such a system. However, given the current context in Japan with a large 

amount of abandoned farmland and a declining agricultural workforce the need to 

promote communication may be even more pressing for farmers who have never hosted 
farm volunteers or who remain hesitant to do so. Ultimately, the decision to accept farm 

volunteers and engage in communication is left to the discretion of each individual 

farmer, as the business owner. Nevertheless, in light of Japan’s agricultural labor 

shortages and the broader challenge of underutilized farmland, expanding opportunities 
for farm volunteer involvement appears to be a highly desirable direction—one that 

aligns with the long-term sustainability of both agriculture and rural communities. To 

move toward this goal, the promotion of communication is essential. As Kaneko suggests, 

volunteer relationships offer a new perspective on human interaction and represent a 
principle of behavior that can reveal new social values. These relationships can serve as 

a “window” through which to break through social stagnation and enrich society through 

diversity [17]. Opening this window will require active cooperation between farmers and 

farm volunteers, and improved communication will play a central role in achieving that. 
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Finally, it is important to recognize that communication is a two-way process. Farm 
volunteers, for their part, must also be mindful that some farmers may not be naturally 

comfortable with interpersonal communication. Building mutual understanding on both 

sides is therefore key to creating a more effective and meaningful experience for 

everyone involved. 

4. Conclusion 

In this study, the research question, "What key factors are necessary to further develop 
the recruitment of farm volunteers through green tourism?" was addressed through an 

interview with JA Tourism & Communications. The current practices and challenges 
related to the coordination of farm volunteer recruitment through green tourism were 

analyzed using a matrix diagram, with the aim of identifying essential elements for future 

development. As a result, the study concluded that the "Promotion of Communication" 

is one of the key factors necessary for advancing such initiatives. 
In discussing this element, the study emphasized the importance of both farmer 

willingness and volunteer understanding. These points were examined through the lens 

of Aoki’s collaborative development theory and Kaneko’s volunteer theory, which 

together underscore the value of mutual engagement and relational discovery in 
sustaining meaningful volunteer programs. 

Although this study focused on the Japanese context, its findings may offer valuable 

insights for addressing similar issues in other countries, particularly those facing 

demographic challenges such as aging populations and declining birthrates. Japan, as the 
fastest-aging society in the world, serves as a compelling case study, and the lessons 

drawn here may hold relevance for agricultural sustainability globally. 

Moreover, it is desirable that the issues explored in this study not remain confined 

to academic discourse but be translated into practical applications within the agricultural 
sector. Therefore, a key task moving forward is to consider specific, actionable measures 

to increase the feasibility and impact of these findings. 

Two future challenges are worth highlighting. First, this study examined only a 

single case. In the future, it will be important to investigate additional cases to validate 
and broaden the findings. Second, while the study identified the need to promote 

communication, it did not sufficiently explore effective strategies or methods for doing 

so. Further research is needed, drawing on insights from other academic disciplines such 

as sociology, psychology, and communication studies, to develop and implement 
practical approaches to enhancing communication between farmers and volunteers. 
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Abstract. From 2017 to 2019, the Chinese government continuously lowered the 

VAT rate to stimulate market vitality. Taking the automobile manufacturing indus-

try as an example, combined with the case of Geely Automobile, this paper con-

structs a fixed effect model through the financial data of listed companies to study 

the impact of tax rate adjustment on corporate performance. The results show that: 

first, the reduction of the VAT rate is significantly positively correlated with the 

improvement of corporate performance, and the greater the reduction, the more ob-

vious the effect; second, the capital structure plays a regulatory role, the debt-to-

asset ratio negatively affects performance, and the scale of the enterprise has a pos-

itive effect; finally, the policy effect is heterogeneous and fluctuates due to differ-

ences in the turnover cycle of accounts receivable/payable of enterprises. The study 

reveals the path of the VAT policy on the automobile manufacturing industry, and 

provides an empirical basis for the government to optimize tax policies and promote 

high-quality development of the industry. 

Keywords: performance, automotive manufacturing, VAT, tax rate adjustment, 

debt asset ratio 

1. Introduction 

Since the dawn of the 21st century, China’s automobile industry has grown at break-neck 

speed, topping global production and sales charts for 16 straight years. In 2024, the coun-

try manufactured 31.282 million vehicles and sold 31.436 million, increases of 3.7 % 
and 4.5 % respectively—both all-time highs that testify to the sector’s resilience and its 

shift toward higher-quality expansion. 

As a strategic pillar of the national economy, the industry’s fortunes are tightly 

linked to tax policy [1]. Between 2017 and 2019, Beijing adjusted the value-added tax 
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(VAT) rate three times. The 2017 reform left manufacturing rates untouched2; in May 

2018 the 17 % and 11 % brackets were each trimmed by 1%3; and in April 2019 the 

manufacturing rate was cut from 16 % to 13 % and the 10 % bracket to 9 %4. This paper 

zeroes in on the latter two changes (2018–2019) to gauge their effect on the auto sector 

and on corporate performance. 

Industry data reveal a largely steady revenue trajectory after the cuts. Although the 
pandemic triggered a brief dip in 2019, the lower VAT rates cushioned tax burdens and 

hastened recovery (Figure 1). Tax incentive policies play an important role in the devel-

opment of enterprises. The effective development of enterprises requires not only the 

encouragement and drive of national policies, but also the reasonable positioning and 
efforts of enterprises themselves [2]. Grasp the challenges and opportunities of develop-

ment, make good use of the regulatory function of taxation on enterprise development, 

improve the development quality of the automobile manufacturing industry, and help the 

transformation and upgrading of automobile manufacturing enterprises [3]. 

 
Figure 1. Changes in the operating income of the automobile manufacturing industry from 2018 to 2019. 

Using firm-level data and an empirical model, we quantify how the VAT reductions 

translated into measurable performance gains. The results provide actionable insights for 
policymakers fine-tuning tax design and for automakers recalibrating strategy. By filling 

a gap in the micro-level VAT literature, the study offers timely guidance for both gov-

ernment and industry. 

In Hangzhou, China, we can clearly see the chain effect of the VAT rate cut and 
supporting policies on the automotive industry chain. In April 2019, the manufacturing 

tax rate was reduced from 16% to 13%. Hangzhou Geely Automobile Co., Ltd. estimated 

that it could pay 75 million yuan less in VAT that year. Combined with a one-time de-

duction of 23 million yuan for real estate and a 20-million-yuan tax refund at the end of 
the period, it released more than 110 million yuan in funds throughout the year. The 

company then used all this "tax reduction benefit" for equipment renewal and technology 

upgrades, and lowered the prices of some models to pass the policy dividends directly to 

consumers. In the upstream of Geely's supply chain, Zhejiang Jingang Automobile Co., 
Ltd. added 4.46 million yuan in deductions in 2016 because the input tax on factory 

construction was deductible. In 2017, it continued to deduct 2.97 million yuan. After the 

 
2 Notice on Policies Concerning the Consolidation of VAT Tax Rates:(chinatax.gov.cn). 
3 Notice on Policies Concerning the Consolidation of VAT Tax Rates:(chinatax.gov.cn). 
4 Notice on Policies Concerning the Consolidation of VAT Tax Rates:(chinatax.gov.cn). 
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company's cash flow improved, it quickly expanded its fixed asset investment. What is 
more noteworthy is that the "bank-tax interaction" mechanism between Geely and 

Jingang has played an amplifying effect: relying on its A-level tax credit for three con-

secutive years, Jingang Automobile obtained a low-interest loan of 50 million yuan from 

Hangzhou Bank, with the interest rate 15% lower than the benchmark, further strength-
ening the virtuous cycle of tax reduction-capacity expansion-reinvestment (Figure 2). 

 
Figure 2. Tax Reduction - Reinvestment of Hangzhou Automotive Enterprises (2016–2019). 

2. Literature Review 

The impact of fiscal incentives on sectoral growth has long commanded scholarly atten-

tion, with a broad consensus that such measures materially enhance firm performance. 

Against this backdrop, this study zeroes in on the repercussions of recent VAT-rate ad-

justments. As China’s dominant revenue instrument, VAT not only underpins fiscal sta-
bility but also functions as a lever for industrial upgrading. 

Existing evidence, however, reveals marked heterogeneity. Using a difference-in-

differences framework, Yulia V. Leontyeva shows that the VAT-to-VAT reform lowered 

effective tax burdens, yet benefits were unevenly distributed across regions [4]. B. Xia 
and Y. Li document that preferential VAT treatment catalyzed the expansion of China’s 

clean-energy sector [5]. J. Z. Zhang, Q. Lu demonstrate that the same reform eliminated 

cascading taxation in air transport and accelerated sectoral growth [6], while Mayburov’s 

case study illustrates how VAT concessions reduced costs and boosted efficiency for 
new-energy vehicle manufacturers [7]. 

Despite this growing literature, the specific effects of post-2018 VAT-rate cuts on 

the automotive industry remain under-explored. This paper therefore examines how the 

latest rate adjustments influence the performance of automobile manufacturers and de-
rives actionable strategies to inform sustainable development for the sector. 

3. Research Methodology  

In order to examine the impact of the VAT rate cut on the performance of the automobile 

manufacturing industry, this paper takes 82 Shanghai and Shenzhen A-share listed 
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vehicle companies from the third quarter of 2017 to the first quarter of 2020 as the re-
search sample, and constructs a multivariate linear regression model: 

 

����� = �� + �	Rate1�� + �
Rate2�� + ��DAR�� + ��SIZE��

+ �
DSO�� + ��DPO�� + ��OCR�� + ��ITR�� + ��PPEI��

+ ���  
 

Among them, ROA is the ratio of net profit to average total assets, which is used to 

measure corporate profitability and asset efficiency; Rate1 and Rate2 correspond to the 

two VAT rate cuts on May 1, 2018 (17% 16%) and April 1, 2019 (16% 13%), re-

spectively, and capture policy shocks in the form of dummy variables, taking 0 before 

tax reduction and 1 after tax reduction, i is the i-th enterprise, t is the t-th time, �� is a 

constant item, and ��� is a random error item. 

The control variable vector X includes: debt asset ratio (DAR) and enterprise scale 

(SIZE), days sales out-standing (DSO) and days payable outstanding (DPO), operating 

cost ratio (OCR), inventory turnover ratio (ITR), PPE investment (PPEI) measures cap-

ital expenditure intensity. The variable selection is comprehensively referenced to the 
research of S. H. Park [8], B. Ramaseshan [9], to exclude other performance interference. 

The sample selection follows the following principles: companies that were listed 

after 2018, had been *ST or ST, had serious financial data missing, and were not vehicle 

manufacturers were eliminated, and 82 companies were retained. The data is mainly 
taken from CSMAR, and the missing quarterly values are supplemented by cumulative 

value differences. Given that the timing of the three VAT adjustments is clear and the 

policy transmission is rapid, it can be regarded as an exogenous shock to avoid estimation 

bias. 
Based on the above analysis, the research hypothesis is put forward: the reduction 

of VAT tax rate has a positive impact on the corporate performance of automobile man-

ufacturers. 

4. Research results 

The operating ability of an enterprise is affected by various financial indicators. Previous 

scholars mostly used the total profit to analyze the impact of tax rate adjustments on 

automobile manufacturing enterprises [10, 11], but a single profit indicator is not com-

prehensive enough to measure an enterprise’s operating ability. 
In order to measure the profitability of enterprises more reasonably, this paper 

adopts the comprehensive indicator of return on assets instead of the single financial 

indicator of total profit. Return on assets is represented by the ratio of net profit to aver-

age total assets, where net profit is the quarterly data compiled and calculated based on 
the CSMAR database. Figure 3 shows the average change in the return on assets of the 

sample automobile manufacturing enterprises before and after the adjustment of the VAT 

tax rate. 

Through the observation of Figure 3, no obvious rules have been found in the return 
on assets of the automobile manufacturing industry. During the implementation of the 

2018 tax rate, the return on assets of 17 enterprises increased slightly, accounting for 

20.73% of the overall sample, a relatively small proportion. During the implementation 

of the tax rate in 2019, 26 companies had an increase in their return on assets, accounting 

J. Ma and I. Mayburov / The Impact of Tax Incentives708



for 31.82% of the total sample, a relatively small proportion. Therefore, it is speculated 
that the reduction of the VAT tax rate has little impact on the performance of automobile 

manufacturers. 

 
Figure 3. The average change in the return on assets of sample automobile manufacturers before and after 

VAT tax rate adjustment. 

This paper takes the data of listed companies in the automobile manufacturing in-

dustry as variables. After analysis and sorting, the data is statistically described using 

stata16.0 software. The descriptive statistics of related variables are shown in Table 1. 
Table 1. Descriptive statistics. 

Variable Obs Mean Std. Dev. Min Max 

ROA 902 0.00923 0.0216 -0.551 0.117 

DAR 902 0.491 0.132 0.0148 0.993 

SIZE 902 9.732 0.598 8.609 11.85 

DSO 902 0.231 0.296 0.000 9.521 

DPO 902 0.277 0.251 0.000 1.824 

OCR 902 0.793 0.0891 0.295 1.061 

ITR 902 3.293 3.083 0.159 26.59 

PPEI 902 9754 5893 -45139 85314 

 
From the descriptive statistical results in Table 1, it can be seen that the maximum 

return on assets is 0.117, the minimum is -0.551, and the standard deviation is 0.0216, 
indicating that there are large differences in the profitability of the sample companies. 

The average debt asset ratio is 0.491, and the optimal ratio should be between 0.4 and 

0.6, in this interval, it means that the capital of the enterprise is operating normally, and 

the enterprise can have sufficient funds to carry out business activities. The higher the 
asset-liability ratio, the more debt the enterprise has, the less tax it may pay, and the 

lower tax burden, but if it is too high, it will make it difficult for the enterprise to raise 

funds and operate. Therefore, the automotive manufacturing industry generally has a 

good solvency. The maximum value of the enterprise size is 11.85, and the minimum 
value is 8.609, so it can be shown that there is no big difference in the scale of the auto-

mobile manufacturing industry. The maximum values of days sales outstanding and days 

payable outstanding are 9.521 and 1.824, indicating that auto companies are more de-

pendent on dealers and are in a weak position in price negotiations with dealers. There 
is a big gap between the maximum and minimum values of PPE investment and 
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inventory turnover rate, which shows that the management methods of inventory and 
PPE of automobile enterprises are very different. 

Hausman test was performed before regression analysis. According to the test results, 

the P value of the Hausman test is 0.0000<0.05, indicating that the null hypothesis is 

rejected. Therefore, it is more appropriate to choose a fixed effect regression model. 
Taking return on assets (ROA) as the explained variable, comparing the impact of 

twice VAT tax rate adjustment on the performance of automobile manufacturers, the 

regression results are shown in Table 2. 
Table 2. Regression results of VAT tax rate adjustment on corporate performance 

VARIABLES ROA 

RAT1 -0.004592 

 (-2.533) 

RAT2 -0.002472*** 

 (-0.145) 

DAR -0.112597*** 

 (-5.638) 

SIZE 0.068581*** 

 (4.984) 

DSO -0.031419*** 

 (-5.573) 

DPO 0.001659 

 (0.577) 

OCR -0.123926*** 

 (-6.784) 

ITR 6.01E-05 

 (0.173) 

PPEI 9.81E-13 

 (0.665) 

Prob>F 0.000 

R-squared 0.258369 

Notes: Standard errors in parentheses, *** p<0.01, ** p<0.05, * p<0.1 

 

According to the results in Table 2, R2 is 0.258369. Observing the F test and P value, 

it can be seen that P is 0.0000, which is obviously less than 0.01, indicating that there is 

a clear correlation between the independent variable and the dependent variable, and the 
regression model is overall significant. The correlation coefficient of the explanatory 

variable Rate1 is -0.004592, the correlation coefficient of Rate2 is -0.002472, in 2018, 

the significance test was not passed. In 2019, the VAT tax rate was negatively correlated 

with corporate performance, and the assumption was not verified. This happens for the 
following reasons: 

The tax rate fell by 1% in 2018 and 3% in 2019, which shows that the greater the 

tax rate reduction, the greater the impact on corporate performance. The insignificant 

2018 may be because the tax rate reduction is too small, and there are many factors that 
affect corporate performance. Enterprise performance is more related to the enterprise's 

own asset structure and financial status. 

The ratio of cost to income can reflect the company's ability to control costs. The 

higher the ratio, the lower the company's operating profit. Operating cost ratio and debt 
asset ratio are significantly negatively correlated with corporate performance at the 1% 

level, indicating that the more operating costs and corporate debt, the lower corporate 

performance.  

The correlation coefficient of enterprise scale is 0.068581, indicating that enterprise 
scale and performance are significantly positively correlated, the larger the enterprise 

scale, the more obvious the performance improvement. 
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There is a negative relationship between days sales outstanding and firm perfor-
mance at a significance level of 1%. Therefore, the higher the bargaining power of deal-

ers, it will weaken the bargaining power of auto companies themselves, resulting in rel-

atively weak bargaining power of the companies themselves, and the period of accounts 

receivable is too long. Automobile manufacturers are in a weak position in price negoti-
ations, and dealers will force them to make price concessions, which will lead to a decline 

in the profit margin and performance of the automobile manufacturing industry. 

For the problem that the days payable outstanding of the enterprise did not pass the 

significance test, by looking at the financial reports of automobile manufacturers, it is 
found that the "sales ratio of the top five customers" of automobile companies is much 

higher than the "proportion of purchases from the top five suppliers". This shows that for 

automobile manufacturers, the concentration of dealers is very high, and the strong bar-

gaining power of dealers will put the company in a weak position in price negotiations 
with dealers, and its performance will be easily affected, while the suppliers are very 

scattered, which has little impact on the performance of automobile manufacturers. 

The robustness test replaces ROA in the original model with return on equity (ROE). 

The results show that the overall model is significant, Rate1 fails the significance test, 
and the correlation coefficient of Rate2 is -0.003694. There is a negative relationship 

between days sales outstanding and corporate performance at a significance level of 1%, 

which is similar to the above empirical results. In summary, it shows that the above em-

pirical research is robust. 
In Hangzhou, China, we can clearly see the chain effect of the VAT rate cut and 

supporting policies on the automotive industry chain. In April 2019, the manufacturing 

tax rate was reduced from 16% to 13%. Hangzhou Geely Automobile Co., Ltd. estimated 

that it could pay 75 million yuan less in VAT that year. Combined with a one-time de-
duction of 23 million yuan for real estate and a 20-million-yuan tax refund at the end of 

the period, it released more than 110 million yuan in funds throughout the year. The 

company then used all this "tax reduction benefit" for equipment renewal and technology 

upgrades, and lowered the prices of some models to pass the policy dividends directly to 
consumers. In the upstream of Geely's supply chain, Zhejiang Jingang Automobile Co., 

Ltd. added 4.46 million yuan in deductions in 2016 because the input tax on factory 

construction was deductible. In 2017, it continued to deduct 2.97 million yuan. After the 

company's cash flow improved, it quickly expanded its fixed asset investment. What is 
more noteworthy is that the "bank-tax interaction" mechanism between Geely and 

Jingang has played an amplifying effect: relying on its A-level tax credit for three con-

secutive years, Jingang Automobile obtained a low-interest loan of 50 million yuan from 

Hangzhou Bank, with the interest rate 15% lower than the benchmark, further strength-
ening the virtuous cycle of tax reduction-capacity expansion-reinvestment. 

5. Conclusion  

This paper uses the data of 82 Shanghai and Shenzhen A-share vehicle companies from 

2017Q3 to 2020Q1 as samples to empirically test the impact of the two VAT cuts on 
corporate performance. The results show that the coefficient of -0.0046 in 2018 (a de-

crease of 1%) is not significant, and the coefficient of -0.0025 in 2019 (a decrease of 3%) 

is significantly negative. The greater the reduction, the more obvious the negative impact, 

indicating that the tax reduction is insufficient or the company's weak ability to pass on 
has led to the failure to realize dividends. The operating cost rate and debt-to-asset ratio 
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have a significant negative impact on performance. Companies need to strictly control 
expenses and optimize capital structure; scale expansion has a positive but marginal di-

minishing effect on performance, and should avoid blind expansion. The turnover days 

of accounts receivable and accounts payable reflect the bargaining power of upstream 

and downstream: when customers or suppliers are strong, the tax burden is difficult to 
pass on, and the benefits of tax reduction are eroded. 

Value-added tax runs through the entire process of procurement, production, and 

sales. Enterprises must strengthen tax planning and financial management: regularly 

clean up inventory and reduce backlogs; adjust the pace of procurement according to the 
tax rate nodes to increase input tax deductions; negotiate price cuts with upstream and 

downstream companies to share dividends; the financial department should follow the 

policy and legally strive for preferential treatment. 

At the government level, the three tax rate simplifications from 2017 to 2019 were 
aimed at stimulating domestic demand and improving distribution, but the annual adjust-

ment rhythm has raised the adaptation costs of enterprises and tax authorities. In the 

future, we should fully evaluate industry differences, set a reasonable transition period, 

reduce policy friction, and continuously optimize the tax rate structure to balance fiscal 
sustainability and corporate burden reduction.  

This paper takes the automobile manufacturing industry as the research object, es-

tablishes a fixed effect model to measure the impact of the VAT rate reduction on the 

performance of the automobile manufacturing industry, and analyzes the data disclosed 
by its listed companies with quantitative and qualitative research methods. 

Discuss from the micro perspective of the enterprise, through the establishment of a 

model, measure the impact of VAT tax rate reduction on the performance of the automo-

bile manufacturing industry. It also analyzes the differences in the impact of twice tax 
rate adjustments, providing direct evidence for the impact of tax rate reductions on auto-

mobile manufacturers. Based on this, it puts forward targeted suggestions from the per-

spectives of both enterprises and the government. The VAT rate adjustment has not been 

implemented for a long time, and the research on the impact on the automobile manu-
facturing industry can be further improved and supplemented. Therefore, its long-term 

effects and related effects with other industries can be analyzed in depth in future re-

search. 
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Opportunities and Challenges in the 

Development of Autonomous Driving in 

China and the United States 

Lina FA1 and Yuwei HAN 
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Abstract. This article conducts a systematic analysis of the opportunities and 

challenges in autonomous driving technology development across China and the 

United States. It evaluates comparative advantages in both nations through the 

lenses of market scale, policy frameworks, and technological innovation, while 

critically examining industry-wide barriers, including safety challenges, raw 

material supply risks, environmental impacts and unresolved liability frameworks. 

The study further presents market penetration forecasts and actionable policy 

recommendations to guide future progress. Practically, these insights inform 

stakeholders’ strategic prioritization of safety-driven innovation and cross-sector 

collaboration, underscoring the imperative to address technical and regulatory gaps 

for sustainable global adoption. 

Keywords. Autonomous driving, Artificial intelligence, Safety, Liability division, 

Market penetration rate 

1. Introduction 

Autonomous driving technology, as a typical representative of the integration of 

artificial intelligence and the automotive industry, has become a strategic highland in 

global technological competition. China and the United States, leveraging their 

respective advantages in market size, technological innovation, and policy support, 

have become the leaders in global autonomous driving development. According to 

McKinsey's prediction, by 2030, the global market size of autonomous vehicles will 

reach $400 billion, with the Chinese and American markets accounting for more than 

75% of the share. However, the rapid development of technology is accompanied by 

many challenges. To contextualize these issues, it is essential to understand the SAE 

International's six-tiered classification system (L0-L5), which defines automation levels 

based on human-machine roles: Level 2 (Partial Automation): Systems simultaneously 

manage steering and acceleration/braking, but drivers must maintain constant 

supervision and readiness to intervene. Level 3 (Conditional Automation): Vehicles 

handle all driving tasks within specific operational domains (e.g., highway driving at 

set speeds), though human intervention remains legally required when systems issue 

takeover requests. Level 4 (High Automation): Fully autonomous operation without 
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human intervention is possible in predefined geofenced areas. Level 5 (Full 

Automation): The pinnacle of automation, where vehicles perform all driving functions 

under all conditions—urban, rural, extreme weather, etc.—without geographic or 

environmental limitations. No steering wheel or pedals are required, as human 

intervention becomes technically obsolete. This hierarchical framework directly 

impacts safety and responsibility allocation, but raw material challenge and 

environmental impact further complicate commercialization. For instance, geopolitical 

fragmentation disrupts raw material supply chains—China controls 95% of global 

gallium production critical for lidar sensors, while U.S. export restrictions on NVIDIA 

A100 GPUs hinder Chinese development of deep learning algorithms. Concurrently, 

environmental sustainability remains uncertain. Although optimized route planning 

could reduce energy consumption, the carbon footprint of high-performance computing 

systems and battery recycling challenges for electric fleets may offset anticipated 

ecological benefits. 

2. Opportunities for the Development of Autonomous Driving in China and the 
United States 

2.1.  Extensive market size 

Both China and the United States have the world's largest automotive consumer 

markets, providing ample application scenarios for autonomous driving technology. 

According to data from the China Association of Automobile Manufacturers, in 2022, 

China's sales of new energy vehicles reached 6.887 million units, increasing by 93.4% 

year-on-year. Among them, vehicles with L2-level autonomous driving functions 

accounted for over 40%. The US market also shows a rapid growth trend. According to 

Statista data, in 2022, the market size of autonomous driving technology in the US 

reached $4.86 billion, and it is expected to increase to $8.23 billion by 2025 [1]. As the 

world's largest automobile consumer markets, China and the United States provide 

unique conditions for the development of autonomous driving technology, and their 

huge market size lays a solid foundation for the wide application of autonomous 

driving technology. 

Table 1. Forecast of Market Penetration Rate of Autonomous Driving in China and the United States (2023-

2030) 

Year L3+ penetration 
rate in China (%) 

L3+ penetration 
rate in United 

States (%) 

The scale of the 
Chinese market 

($B) 

The scale of the 
United States 
market ($B) 

2023 2.5 3.8 58 52 

2025 8.2 10.6 185 168 

2028 22.7 25.4 520 480 

2030 35.2 38.9 890 820 

Data source: IHS Markit Autonomous Driving Market Forecast Report (2023). 

2.2. Complementary technology routes 

Chinese enterprises focus on the vehicle-to-everything (V2X) technology route and 

make up for the deficiency of single-vehicle intelligence through the construction of 

infrastructure such as 5G and edge computing. Taking Beijing Yizhuang Economic 

Development Zone as an example, more than 300 intelligent intersections have been 
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deployed within 600 square kilometers, and each intersection is standard equipped with 

Multi-access Edge Computing (MEC) and C-V2X communication modules to form a 

holistic traffic perception network. This roadside intelligent facility can process multi-

modal data from lidar, cameras and weather monitoring equipment in real time, and 

accurately push the traffic situation within 200 meters ahead to the vehicle through the 

5G network. American enterprises are more focused on single-vehicle intelligence. 

Companies like Waymo and Cruise maintain a leading position in L4-level autonomous 

driving algorithms. The lidar point cloud density carried by Waymo's sixth generation 

autonomous driving system reaches 1.2 million points per second, and with the vision 

large model of Transformer architecture, the behavior prediction of 32 types of traffic 

participants within 300 meters can be completed in 0.1 seconds. The MotionLM model 

improves the interaction success rate of vehicles to 92% in complex road conditions in 

San Francisco by deconstructing traffic scenes into ‘multi-agent conversations’ Cruise's 

original ‘Virtual Blind Spot Compensation’ technology, which uses generative AI to 

simulate the potential risks of occluded areas, reduced the response time of collision 

warning at a San Francisco T-junction to 0.3 seconds, better than the average reaction 

time of human drivers of 0.8 seconds. 

2.3. Differentiated policy support 

China has adopted the policy path of ‘top-level design + pilot demonstration’. Since 

2020, it has issued policy documents such as ‘Strategy for Innovative Development of 

Intelligent Vehicles’ and ‘Development Plan for New Energy Vehicle Industry (2021-

2035)’, and set up intelligent connected vehicle demonstration zones in Beijing, 

Shanghai and other places [2]. The United States pays more attention to legislative 

safeguards and technical standards, with the ‘AV START Act’ passed at the federal 

level and differentiated regulations introduced by states. 

3. Challenges in the Development of autonomous driving 

3.1. Security challenges 

Autonomous driving in China and the US faces many challenges in terms of safety. 

3.1.1. Perception System Risks 

In terms of perception system, it is necessary to deal with the recognition problem in 

complex environment. MIT research shows that in rain and snow weather conditions, 

the ranging error of lidar may increase by 15%-20%, and the target recognition 

accuracy of camera in low light environment decreases by more than 30% [3]. Corner 

cases are particularly difficult to deal with. NHTSA statistics show that about 23% of 

autonomous vehicle accidents involve misjudgments about rare traffic scenarios. 

3.1.2. Algorithmic Transparency 

At the decision algorithm level, the "black box" characteristic of deep learning 

algorithms makes the decision process difficult to explain. According to a study 
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published in IEEE Transactions on Intelligent Transportation Systems, adversarial 

example attacks can make autonomous driving systems make wrong decisions in 98% 

of test cases. The decision optimization in multi-agent game scenarios is still a 

technical difficulty [4], especially in complex scenarios such as unprotected left turn 

and confluence area. In addition, network information security risks are increasingly 

prominent with the popularization of Internet of vehicles technology. 

3.1.3. Software security 

Software security has emerged as a silent threat to AD systems. In 2023, Tesla’s Full 

Self-Driving (FSD) system was hacked via a CAN bus injection attack, exposing 

vulnerabilities in its over-the-air (OTA) update protocol. Similarly, China’s Baidu 

Apollo platform suffered localization errors in Guangzhou due to GPS spoofing, 

highlighting risks in infrastructure-dependent systems. 

3.2.  The problem of raw material support 

Geopolitical fragmentation exacerbates raw material issues issues. China controls 95% 

of global gallium production, critical for lidar and advanced radar chips, while U.S. 

export controls on NVIDIA A100 GPUs disrupt Chinese training pipelines for deep 

learning models. Data localization policies further complicate cross-border 

collaboration, with China’s Data Security Law mandating domestic storage of AD-

related data and the U.S. lacking federal data standards, leading to fragmentation across 

38 state-level regulatory regimes. Standard-setting wars, such as China’s push for C-

V2X versus the U.S.’s DSRC protocol, create compatibility risks for automakers. 

3.3.  Environmental impact 

In addition to safety and liability concerns, the environmental impact of autonomous 

driving introduces another layer of complexity. While optimized route planning and 

shared mobility models could theoretically reduce energy consumption and emissions, 

the technology's real-world ecological footprint remains ambiguous. The energy 

demands of high-performance computing systems, battery recycling challenges for 

electric fleets, and potential rebound effects from increased vehicle utilization may 

offset anticipated sustainability gains. 

3.4.  The problem of responsibility division 

In the commercialization process of autonomous driving technology, the division of 

responsibility has become a common problem faced by China and the United States. 

The United States adopts the legislative model of separation of powers between federal 

and state governments. The federal government formulates the macro regulatory 

framework through the Autonomous Driving Act, but the specific responsibility 

determination rules are legislated by each state on its own, resulting in significant 

regional differences in judicial practice and inconsistent standards. For example, 

California requires mandatory disclosure of accident data, while Arizona focuses more 

on post-hoc accountability, making compliance more difficult for companies operating 

across state lines. China has established a unified liability determination system 
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through documents such ‘Road Test Management Specification for Intelligent 

Connected Vehicles’. However, in the L3 level and above autonomous driving 

scenarios, the liability boundary between human drivers and intelligent systems is still 

not clear enough [5]. When artificial intelligence decision-making conflicts with 

traditional traffic laws and regulations, the current tort liability law is difficult to 

directly adapt to the technical characteristics, and the technical "black box" 

characteristics create challenges in determining the cause of the accident and collecting 

evidence. A deeper challenge is that when the system faces ethical dilemmas such as 

trolley problem, the law how to balance principle of technology neutrality and human 

values. This philosophical dispute is remaking the legal basis of liability division, 

requiring legislators to break through the traditional fault liability framework and 

construct a multi-dimensional liability system including technical safety benchmarks, 

ethical guidelines and insurance relief. 

4. Recommendations 

4.1. Strengthen the research and development of security technologies 

Firstly, a national autonomous driving safety test platform should be established, and a 

test scenario library covering more than 90% corner cases is constructed. The platform 

should integrate virtual simulation and real vehicle testing capabilities, and form a test 

system of ‘combination of virtual and real, collaboration of software and hardware’. 

The scenario library construction should adopt the ‘data-driven + expert knowledge’ 

dual-track method, systematically collect road traffic accident data, combine expert 

experience to construct high-risk scenarios, and generate diversified test conditions 

through parametric mutation. In particular, higher density test coverage should be 

designed for high-risk scenarios such as extreme weather and complex road conditions. 

Refer to the UL 4600 standard to establish the whole life cycle safety assessment 

system. The UL 4600 standard focuses on the safety demonstration of unmanned 

driving systems, covering the full life cycle from design and testing to operation and 

retirement. It is suggested to build a closed-loop security management mechanism of 

‘design-verify-monitoring-upgrade’, introduce formal verification and fault injection 

test methods, and establish an OTA upgrade security evaluation process to ensure that 

no new risks are introduced into software iteration. 

4.2. Supply diversification and tech innovation 

The geopolitical fragmentation of critical mineral supplies necessitates a multifaceted 

strategic approach. First, enterprises must diversify procurement channels for strategic 

materials such as gallium, establishing partnerships with multiple global suppliers to 

reduce dependency on single-source nations. Simultaneously, accelerated research and 

development efforts should focus on identifying alternative materials and technological 

solutions for instance, developing radar systems that eliminate reliance on gallium-

based components. Furthermore, fostering international collaboration to establish 

universally adopted technical standards for autonomous vehicles (AVs) can mitigate 

compatibility risks arising from divergent regulatory frameworks, such as the ongoing 

C-V2X versus DSRC protocol competition. 
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4.3. Enhance Tech and Policy for Environment 

To address the environmental challenges posed by autonomous driving, a dual focus on 

technological optimization and regulatory frameworks is essential. Technologically, 

advancements in energy-efficient algorithms and powertrain systems are critical. This 

includes refining route planning algorithms to minimize energy consumption and 

developing lightweight materials to reduce vehicle weight. Policymakers must enact 

stringent environmental regulations, such as mandating the use of clean energy sources  

for autonomous vehicle fleets and establishing comprehensive battery recycling 

programs to manage end-of-life electric vehicle batteries.  

4.4. Improve the regulatory and standard system 

To solve the problem of responsibility division for autonomous driving, China and the 

United States should explore a multi-dimensional collaborative governance path. At the 

legislative level, it is suggested to build a three-level coordination mechanism of 

‘federal to state to industry’, in which the federal will unify the framework of technical 

safety standards and ethical guidelines, give the states moderate discretion in the 

responsibility determination procedure, and promote industry organizations to 

formulate dynamically updated technical standards and data sharing agreements to 

alleviate the pressure of cross-regional operation compliance. China can further refine 

the fault determination rules of autonomous driving scenarios in the Road Traffic 

Safety Law, establish a hierarchical responsibility system of ‘human supervisors, 

system designers and operating subjects’, clarify the mandatory installation of Event 

Data Recorder (EDR) and Data Storage System for Automated Driving (DSSAD) in 

vehicles above L3 level, and break the dilemma of technical black-box forensics. 

5. Conclusion 

The development of autonomous driving technology in China and the United States 

presents significant opportunities and challenges. Both countries boast vast automotive 

markets, driving innovation through complementary technological approaches China 

emphasizes vehicle-to-everything (V2X) infrastructure, while the United States leads in 

single-vehicle intelligence. Policy frameworks differ, with China adopting top-down 

design and pilot programs, and the U.S. relying on federal legislation and state-level 

regulations. Key challenges include safety risks from perception limitations and 

algorithm opacity, geopolitical supply chain fragmentation, environmental impacts of 

high-energy computing, and unresolved liability frameworks. Addressing these issues 

requires enhanced safety research, diversified resource strategies, eco-friendly 

technological advancements, and collaborative regulatory reforms to ensure sustainable 

progress.  
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Abstract. Pulmonary Embolism (PE) is an acute circulatory system disease caused 

by emboli (such as thrombi, fat, air or tumor cells, etc.) from the systemic 

circulation blocking the pulmonary artery or its branches. Its severity is second 

only to myocardial infarction and sudden death, highlighting the need for efficient 

diagnostic methods. UNet is a classic image segmentation model that has shown 

great potential in medical image segmentation. However, its limitations in 

segmenting small targets result in the blurring or omission of small thrombi or 

micro-foci in PE, making it difficult to accurately distinguish low-contrast or 

highly inter-class difference lesions. To address this issue, this study proposes a 

RAUNet model based on a residual attention perception mechanism. The model 

builds upon the classic UNet architecture by introducing residual learning modules 

and attention mechanisms. The stacking of residual blocks effectively alleviates 

the vanishing gradient problem in deep network training, while the attention 

module adaptively weights the feature maps to enhance the feature expression 

ability of key parts. Experimental results show that the model achieves a Dice 

coefficient of 79.1% on the FUMPE dataset, demonstrating its great potential in 

the segmentation of PE images. 

Keywords. PE, Image segmentation, RAUNet, Residual Attention Mechanism, 

Dice Coefficient  

1. Introduction 

Pulmonary embolism is a fatal disease caused by the detachment of intravascular 

emboli and the obstruction of the pulmonary artery or its branches. According to the 

location of the embolus obstruction, it can be classified into central type, lobar type, 

segmental type and subsegmental type. Large emboli can lead to acute right heart 

failure and even sudden death. The mortality rate without treatment is as high as 30%, 

while it can be reduced to 2% - 11% with timely intervention. Epidemiological data 

show that the annual incidence rate of pulmonary embolism among hospitalized 

patients in China is 14.19 per 100,000, and it increases significantly with age, with over 

75% of patients being over 60 years old [1]. Computed tomography pulmonary 
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angiography (CTPA) is the "gold standard" for diagnosing PE. Through contrast 

enhancement, it can clearly show the filling defect in the pulmonary artery. However, 

the diagnosis of PE faces multiple challenges: radiologists often need to analyze many 

CT slices, which is time-consuming and prone to fatigue and misdiagnosis; and the 

precise interpretation of imaging features is highly dependent on the experience of 

radiologists. To improve the efficiency of pulmonary embolism diagnosis, extract 

lesions in a timely manner, and reduce the workload of doctors, computer-aided 

detection (CAD) technology is usually adopted in clinical practice. 

In recent years, UNet has gradually become a classic model in the field of medical 

image segmentation due to its symmetrical encoder-decoder structure and skip 

connection design. Its core lies in fusing features of different resolutions through skip 

connections, preserving low-level detail information and enhancing the reconstruction 

ability of high-level semantic features, significantly improving the segmentation 

accuracy in various complex medical tasks [2]-[4]. However, the traditional UNet 

network still has problems such as insufficient multi-scale feature fusion, leading to 

loss of detail information and large segmentation errors in boundary blur areas; it is 

difficult to adaptively adjust the focus area for complex lesion regions and is easily 

disturbed by noise [5]. To address these issues, researchers have proposed various 

improvement schemes. For example, UNet++ redesigns the network structure through 

dense skip connections to enhance the aggregation ability of multi-scale features [6],[7]. 

ResUNet alleviates the vanishing gradient problem in deep networks through residual 

connections [8]-[10]. Attention UNet introduces an attention mechanism to 

dynamically weight the features of key regions and reduce the interference of irrelevant 

background [11]-[13]. Based on the above research, this paper uses RAUNet (Residual 

Attention U-Net) to segment pulmonary embolism images. This model adopts 

ResidualBlock in the encoder to preserve shallow details through skip connections, 

alleviate the vanishing gradient problem, and improve the training stability of deep 

networks. In the decoding stage, the AttentionGate module is introduced to 

dynamically fuse the features of the encoder and decoder through a gating mechanism, 

enhance the boundary response of lesion regions, and suppress background interference. 

By integrating residual learning and attention mechanisms, it significantly improves the 

segmentation accuracy of pulmonary embolism while retaining the advantages of UNet, 

providing more reliable support for clinical diagnosis. 

2. Methods 

2.1. Data sources 

This study employs the publicly available FUMPE (Ferdowsi University of Mashhad's 

PE dataset) as the research dataset. It contains a total of 8,792 slices of CTA images 

from 35 subjects, with 3,438 PE regions labeled in binary form, far exceeding similar 

datasets. The original images are in DICOM format, and the Mask files are in MAT 

format [14]. The large data scale and diverse embolism morphologies of this dataset 

can provide massive and precise data support for model training and evaluation. The 

dataset can be freely downloaded from figshare 

(https://figshare.com/collections/FUMPE/4107803). 
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2.2. RAUnet model 

Like many medical imaging tasks, pulmonary embolism segmentation faces the 

challenge of scarce annotation data. Recent research [15] shows that the learning 

algorithm optimized for small data can effectively alleviate this problem, which 

prompted us to introduce the residual and attention mechanism into RAUNet to 

improve the performance of the model. The RAUNet model is an improved medical 

image segmentation model based on the classic UNet architecture [2]. Its core 

innovation lies in the introduction of residual learning mechanisms and dynamic 

attention feature calibration strategies. The model consists of multi-level residual 

encoding modules, multi-scale attention gating modules, and feature refinement 

modules. The overall structure of the model adopts a symmetrical encoder-decoder 

architecture. 

For the encoding part, we introduce a residual feature extraction module, which uses 

a double convolutional layer structure and establishes cross-layer shortcut connections 

through identity mapping [16]. This residual module is composed of two 3×3 

convolutional layers, each followed by batch normalization (BatchNorm). Then, we use 

the parametric rectified linear unit (PReLU) [17] as the activation function for this part. 

At the same time, we set padding=1 to keep the size of the feature map unchanged and 

disable the bias, transferring the bias function to the batch normalization layer 

(BatchNorm). 

In the decoding stage, this model achieves adaptive fusion of features from the 

encoder and decoder by introducing an attention mechanism [18] to enhance the 

semantic expression of key regions. This module consists of three parts: channel 

compression, feature fusion, and attention weight generation. First, 1×1 convolutions 

are used to compress the channel dimensions of the gating signals from the decoder and 

the skip connection features from the encoder, projecting them into a shared 

intermediate channel space to effectively reduce computational complexity. Then, the 

skip features are upsampled to the spatial resolution of the gating signals through 

bilinear interpolation [19] and elementwise added to the gating features. After 

activation by the parametric rectified linear unit (PReLU), the combined feature 

response is generated. Next, a 1×1 convolution is used to compress the combined 

features into a single-channel spatial attention map, which is normalized to a 

probability distribution through the Sigmoid function. Finally, this weight is used to 

spatially modulate the original gating signal to achieve feature selection. The overall 

model structure is shown in Fig 1. 

Figure 1. The model structure of our RAUNet 
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3. Results 

In the task of data splitting, this study employed the hold-out validation method for 

dataset partitioning. Specifically, the original dataset was divided into a training set and 

a validation set in an 8:2 ratio through stratified random sampling, with 20% randomly 

selected as the hold-out validation. Subsequently, the performance of the RAUNet 

model was evaluated using metrics such as the Dice coefficient, F1 score, accuracy, 

sensitivity, and precision. The visualization of its performance over 100 epochs is 

shown in Fig 2. 

 
Figure 2. Graphs of the evaluation metrics 

 
We compared the predicted images with the original images and the gold standard 

images annotated by doctors and overlaid the predicted masks on the original images 

for comparative analysis, as shown in Fig 3. The leftmost image is the original CTA 

image of pulmonary embolism in the FUMPE dataset, followed by the gold standard 

image, the segmentation result predicted by the model, and the rightmost image shows 

the original image overlaid on the lesion area. 

Finally, to verify the model's performance, we conducted a comparative experiment 

between RAUNet and the classic UNet and ResUNet under the same experimental 

conditions and preprocessing methods. The results showed that the Dice coefficient of 

the RAUNet model in the pulmonary embolism task was superior to the latter two. The 

average Dice coefficient of RAUNet after stabilization reached 79.1%. The comparison 

chart is shown in Fig 4. 
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Figure 3. Comparison of binary masks with predictions 

 

 

Figure 4. Dice coefficient comparison  

4. Discussion 

Firstly, we downloaded the CTA images of pulmonary embolism and the 

corresponding binary masks from the open-source website and stored them in a one-to-

one correspondence. Meanwhile, to ensure the efficient completion of the segmentation 

task and reduce problems such as excessive training time and gradient explosion 

caused by too many parameters during model training, as well as to alleviate the 

difficulty of the model in extracting image features, we uniformly scaled the original 

CTA images of size 512*512 and their binary masks in the dataset to 128*128. Since 

the mask itself is binary, to ensure the integrity of the discrete labels, we used the 

nearest neighbor interpolation for image scaling [20]. Then, the preprocessed images 

were input into RAUNet for training, with a training period of 100 epochs and a batch 

size of 8. 

At the training level, this model adopts a hybrid loss function combining 

BCEWithLogitsLoss and Dice Loss [21] for parameter tuning, which effectively 

complements the architectural innovation of the model. From the results, the RAUNet 
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model proposed in this study shows significant advantages in the segmentation task of 

pulmonary embolism CTA images, with a Dice coefficient of 79.1%, outperforming 

the classic UNet and ResUNet models. This result validates the effectiveness of the 

residual connection and attention mechanism in the model design. 

Compared with the traditional UNet architecture, this model adds residual modules 

in the encoding stage, enhancing feature reuse through residual connections. The model 

retains shallow feature information such as texture details in the deep network, 

alleviating the problem of gradient vanishing. Compared with the ordinary 

convolutional blocks in the traditional UNet, the residual structure enables the network 

to learn complex features more efficiently, making the model's segmentation of small 

embolism lesions more complete. For the decoding stage, we added an attention gate to 

optimize feature fusion. Through dynamic weight allocation, it suppresses the 

interference of background regions such as vessel walls in the skip connections, while 

enhancing the feature response in the lesion regions. The comparison between RAUNet 

and ResUNet in Figure 4 shows that the attention mechanism significantly improves 

the accuracy of small target segmentation, verifying the adaptability of the attention 

gate in complex anatomical structures. At the same time, to adapt and reduce the 

demand for computing power [22],[23], in the AttentionGate module, we introduced an 

inter_channels to compress the input feature channels, significantly reducing the 

number of model parameters, thereby meeting the training requirements under low 

computing power. 

The high-precision segmentation of RAUNet can provide reliable support for the 

computer-aided diagnosis (CAD) system of pulmonary embolism. However, this study 

still has the following limitations: 

(1) Insufficient data diversity: The training data is only from a single center (FUMPE 

dataset); 

(2) Single pathological type: The current model is only trained for pulmonary 

embolism. 

For the first issue, in the future, we will incorporate multi-center and multi-device 

data for training to verify generalization; for the second issue, in the future, the method 

of transfer learning can be used for reference [24] and extended to other segmentation 

tasks such as aneurysm and vascular stenosis to carry out transfer learning of similar 

tasks. 

During the training, we used NVIDIA GeForce GTX 1660 Ti as the training 

equipment. The model trained 100epoch in total, and the training time was 4 hours and 

9 minutes. At the same time, input a single 512*512 CTA image into the trained model, 

and the segmentation results can be output within 2 seconds. In the future, we will use 

more GPUs to verify the lightness of our model. 

5. Conclusions 

This study proposes the RAUNet model that integrates residual learning and attention 

mechanism, achieving a Dice coefficient of 79.1% on the FUMPE dataset, providing an 

efficient solution for intelligent diagnosis of pulmonary embolism. In the future, 

computational efficiency will be optimized and multi-center validation will be 

expanded to promote the practical application of clinical auxiliary systems. 
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Abstract. In the field of aerodynamics, the mathematical model of unsteady 

aerodynamic forces is typically employed to identify the motion state variables that 

aerodynamic forces depend on and to establish the mathematical relationships 

among these variables. In this paper, the unsteady aerodynamic parameter model is 

established based on the improved Etkin model by using the concept of 

parameterized dynamic derivative, which can better describe the nonlinear 

characteristics of dynamic characteristics in large amplitude of vibration. In the 

hypersonic condition, the airframe/propulsive integrated aircraft is used to calculate 

different dynamic parameters of unsteady aerodynamic model. The simulation of 

the air-breathing hypersonic vehicle shows that the unsteady aerodynamic model 

based on the parameterized dynamic derivative concept can accurately predict the 

aerodynamic data and flow field parameters under nonlinear conditions. Large angle 

of attack and complex shape of unsteady flow field have strong hysteresis effect, 

and the influence of time-history effect on unsteady aerodynamic forces cannot be 

ignored. Therefore, the simulation accuracy of aerodynamic model for large angle 

of attack vibration is reduced, but it can still reflect the variation trend of dynamic 

aerodynamic forces. 

Keywords. Pneumatic model, unsteady, hypersonic, forced vibration, free vibration 

1. Introduction 

In the process of aircraft design and development, acquiring the dynamic handling 

stability characteristics within the flight envelope is both challenging and resource-

intensive. Phenomena such as shock wave-induced separation, vortex motion and 

breakdown, along with their interactions, cause fluid motion to exhibit pronounced 

unsteady and nonlinear behaviors, often imparting unforeseen aerodynamic effects on 

aircraft and potentially leading to disruptive outcomes [1]. To enhance the prediction of 

unsteady aerodynamic characteristics, aerodynamic modeling techniques have been 

extensively employed in aircraft design processes [2]. The methodology for modeling 
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unsteady aerodynamics has consistently been a critical research focus in aerodynamics 

[3]. A mathematical model of unsteady aerodynamic forces is utilized to identify the state 

variables that aerodynamic forces depend on and establish the mathematical relationships 

among them. 

Although the computational fluid dynamics (CFD) method is capable of capturing 

detailed flow field information, offering a high degree of freedom (typically exceeding 

10^4), and enabling dynamic simulation of unsteady complex flow fields, the 

computational cost associated with directly applying the CFD method to complex flow 

fields remains prohibitively high. This limitation restricts its application in 

multidisciplinary optimization, aeroelasticity, and flight dynamics research [4-5]. To 

address this challenge, the rapidly advancing reduced-order modeling techniques 

developed in recent years can either fully or partially substitute for the fundamental 

dynamic characteristics of the original complex systems [6]. Through mathematical 

simplification, the computational cost (including computer memory, computing time, 

and design cycle) of reduced-order models is reduced by several orders of magnitude 

compared to the original complex system. For CFD, the adoption of aerodynamic 

reduced-order models can significantly decrease system computation time while 

expanding their scope and depth of application. Currently, widely used aerodynamic 

reduced-order models in flight dynamics research primarily include the Volterra series 

model, the proper orthogonal decomposition model, the regression model, the radial 

basis function interpolation model, and the surrogate model [7-9]. These models improve 

computational efficiency by 1-2 orders of magnitude while reflecting the nature of 

statically dominated nonlinear flows [6]. However, when dealing with nonlinear dynamic 

problems such as aerodynamic bifurcation phenomena and flow field hysteresis, the 

simulation accuracy of these models tends to decline. Moreover, the current application 

scope of reduced-order models is predominantly limited to subsonic and transonic 

simulations of simple geometries like wings, with further development required for the 

simulation of complex supersonic shapes. 

To address the limitations of the order reduction model, the CFD solution method for 

dynamic derivatives is employed to predict unsteady aerodynamic forces. Bryan and 

Etkin proposed that dynamic derivatives remain constant over time. However, this 

assumption has frequently been challenged in the field of unsteady aerodynamics [10-

11]. The enhanced Etkin model incorporates time t as a parameter in the reference state, 

differing from the original model. Calculated or measured dynamic derivatives typically 

vary with time, aligning with the definition of dynamic stability parameters [12]. When 

an aircraft operates at small angles of attack, the flow predominantly exhibits adherent 

characteristics. In such cases, aerodynamic forces often exhibit a linear relationship with 

motion state parameters. Consequently, dynamic derivatives can be approximated as 

constants, enabling simplified modeling of unsteady aerodynamic forces. At present, for 

flight with large angle of attack, there is no proper dynamic model that can fully reflect 

the characteristics of strong nonlinear dependence of aerodynamic attack angle, time 

delay effect and cross-coupling of aerodynamic force.  

The design of the shape and motion mode of modern aircraft is significantly more 

intricate compared to that of traditional aircraft. Flight conditions involving high angles 

of attack and non-zero sideslip angles often lead to highly complex aerodynamic 

phenomena. Specifically, shock-induced separations, vortex dynamics and breakdowns, 

as well as their interactions, result in fluid motions exhibiting pronounced unsteady and 

nonlinear characteristics [13]. The dynamic derivative is no longer a constant, but related 

to parameters such as angle of attack, angle of sideslip and frequency of reduction, which 
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has the property of parameterization. Internationally renowned unsteady aerodynamicist 

Orlik-Rückemann proposed to replace the traditional concept of dynamic derivative with 

"dynamic stability parameter". In this paper, based on the improved Etkin model, the 

unsteady aerodynamic parameter model is established by using the concept of 

parameterized dynamic derivative, which can better describe the nonlinear 

characteristics of dynamic characteristics in large amplitude of vibration. Under the 

hypersonic condition, this paper adopts the airframe/propulsion integrated aircraft [14] 

to carry out the calculation of different dynamic parameters by using the unsteady 

aerodynamic model, in view of the different forms of forced vibration and free vibration, 

from the vibration type, the motion parameters, calculation form, comprehensive 

comparison on accuracy of aerodynamic model based on parameterized dynamic 

derivative and the aerodynamic force and flow field parameters predicted by CFD 

method, the accuracy of mathematical models of pneumatic is proved. 

2. Computational Fluid Dynamics Formulation 

Three-dimensional dimensionless equation Navier-Stokes is used as the governing 

equation of fluid motion: 
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Q is a conserved variable, E, F and G are convective fluxes, ��,�� and ��are viscous 

fluxes, and the specific form is: 
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� is total energy, ℎ is total enthalpy, ��� is the viscous stress, � , is the heat transfer 

coefficient. The LU-SGS method only has first-order accuracy, and the numerical 

simulation of unsteady problems requires the accurate solution of time derivative term 

[15]. Direct use of the LU-SGS method cannot meet the requirements [16]. Jameson [17] 

proposed a Dual-timestep method, which can introduce the newton-like virtual time 

iteration process to the frozen physical time point of ADI or LU type implicit 

approximate fast algorithm, and improve the lost time precision in the approximate 

process by sub-iteration [18]. 
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This article uses time derivative of the implicit difference discrete item Eq. (1) of 

second order �� = 2� , at the same time introducing virtual items and set as first-order 

backward difference discrete: 
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The second term in the middle right end of Eq. (7) is the unsteady driving term 

caused by the duel- time- step method, which is the known term. Linearize Eq. (7), and 

obtain: 
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The method SGS (Symmetric Gauss-Seidel) is used to solve the problem step by 

step: 
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Update the flow field of the moment 
� + 1 to: 

                                    ���� = �� + ∆��                                                            (17) 

When the iteration index is 
� → ∞, virtual time tends to zero, at this time, ���� =����

, solving the Eq. (1) with time second order accuracy. The dual time step method 

improves the time accuracy of unsteady flow simulation. The virtual time derivative term 

adopts the LU-SGS implicit time method, which relaxes the limitation to time step and 

improves the efficiency of unsteady calculation. 

3. Aerodynamic modeling of parameterized dynamic derivative concept 

3.1 Mathematical model establishment 

The aerodynamic force/moment coefficient Cλ is a functional of the Angle of attack*, 

the siderage Angle+ and its rate of change, as well as the angular velocity components 
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�, ,, -of the rolling axis Xb, the pitch axis Yb, and the yaw axis Zb. Cλ is related to the 

entire history of the motion state before the time t under study and can be written in the 

following form:  

               � �.� = � �*�/�,+�/�,��/�, ,�/�, -�/�        − ∞ < / ≤ .                        (18) 

If only the relationship between the aerodynamic torque coefficient Cm and the 

Angle of attack *�/� is discussed, the Eq. (18) can be simplified as:  

                               �!�.� = �!�*�/�        − ∞ < / ≤ .                                          (19) 

Assume the aircraft before / = 0is steady liner flight, angle of attack is*", The 

following two forms are the motion state:  
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In the Eqs. (20-21), / is the time coordinate, � is a fixed time, when/ ≤ �, *� = *
, 

when / > �, *� − *
 = 1* . Set t as �, time axis/ examined at any time corresponding 

to the state of Eqs. (20-21), its moment coefficients in accordance with Eq. (19) is �!��.� = �!�*��/� , �!
�.� = �!�*
�/� , the / ≤ .. When. > �,  �!��.� ≠ �!
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For the Eq. (22), it is not difficult to conclude that aerodynamic moment coefficient 

difference 1�!�.�  under the two kinds of t time is not only related to starting 

moment�and observation time t, but also related to the 1* and attack angle * before �: 1�!�.� = 1�!5*�/�;1*, �, .6           − ∞ ≤ / ≤ �                      (23) 

Based on Eq. (23):  � = �5*�/�; ., �6           − ∞ ≤ / ≤ �                      (24) 

According to the definition of indicating function Eqs. (23-24), when t>0, 

aerodynamic moment coefficient can be written as:  �!�.� = �!�0� + 7 �5*�/�; ., �6  
'$

'�

�

"
8�       (0 ≤ / ≤ �)                  (25) 

The above equation is actually using the initial conditions: when � < 0, 
'$

'�
= 0. Eq. (25) 

describes the aircraft's response when starting from the reference flight condition under 

the condition that / = 0 . It represents either the aircraft's response to initiating a 

maneuver under the action of control surfaces or the transient process during which the 

aircraft begins to deviate from the reference flight state under the influence of 

disturbances. 

In order to simplify the operation, we assume that *�/�could expand as Taylor series for 

convergence near the/ = �, the Eq. (25) can be equivalent to write to: �5*�/�; ., �6 = ��. − �;*���,*9 ���,*: ���, ⋯ �                           (26) 
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In the Eq. (26), . − �appears alone by replacing ., � , its physical meaning righteousness 

is clear, namely when �,*���,*9 ���,*: ���, ⋯is given, change history of *�/� has been 

given, the transient response . − �, rather than related with ., � respectively. Therefore, 

Eq. (25) can be written as: �!�.� = �!�0� + 7 ��. − �;*���,*9 ���,*: ���, ⋯ �  
'$

'�
8��

"
           (27) 

According to the definition of the indicated response, when . − � → ∞, indicial response ��. − �;*���,*9 ���,*: ���, ⋯ �  tends to rely on the constant of *��� , its limit is ��∞;*��� . the deficiency function is defined as: ��. − �;*���,*9 ���,*: ���, ⋯ � = ��∞;*��� − ��. − �;*���,*9 ���,*: ���, ⋯ �  (28) 

When . − � → ∞, � → 0, substitute Eq. (28) into Eq. (27): �!�.� = �!�∞;*�.� − 7 ��. − �;*���,*9 ���,*: ���, ⋯ �  
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As conversion� = . − �, Eq. (29) can be written as: �!�.� = �!�∞;*�.� − 7 ���;*�. − ��,*9 �. − ��,*: �. − ��, ⋯ �  
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We have assumed that *�/�could expand as convergent Taylor series. While�could be 

any point in50, .6, so *�/� could expand as convergent Taylor series at any point in50, .6. 
As . − � = � ∈ 50, .6  , *�. − ��,*9 �. − ��,*: �. − ��, ⋯ could expand as convergent 

Taylor series near t: 
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To substitute Eq. (31) into Eq. (30): �!�.� = �!�∞;*�.� + ∑ ��,
�-�
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Eqs. (32-33) are the function relation between the aerodynamic moment 

coefficient�!�.�  and the phase space variables when only angle of attack changes. By 

Eq. (33), it can be seen �� is explicit function of t, namely �!�.� is not only the function 

of generalized state variables, but also implict time t in the Eq. (34): �!�.� = �!�*�.�,*9 �.�,*: �.�, ⋯ ; .�                          (34) 

For general movement of all the state variables changes, aerodynamic force/moment 

coefficient expressions can also be analyzed, then ΔCλ is related to aircraft motion 

parameters �*,*9 ,+, ⋯ ,=>, ℎ,�, 	, ⋯ , �� ,�9� . ΔCλ is set as function of the state 

parameter in the Eq. (35): 1� �*,*9 , ⋯ , �9� =
�&
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By calculating the time domain data 1�  dynamic derivative
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,   ⋯   
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�/. �
 is 

obtained by post processing. The numerical methods include integral method, frequency 

domain transform method, regression method and phase method. 
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3.2 Kriging aerodynamic parameter interpolation  

Kriging interpolation is an interpolation method based on probability statistics, which is 

characterized by ensuring the calculated interpolation point physical quantity variance is 

minimal and can capture the nonlinear behavior of the information. 

Suppose the coordinates of the pending interpolation point p are �B�,C�, D� , and 

the coordinates of n known points are  �B� ,C� , D�� , and the weight is 
� . Kriging 

interpolation boils down to Eq. (36): �
 = -�B�                                                    (36) 
R is the covariance of points and points 

� = E��� ⋯ ���
⋮ ⋱ ⋮��� … ���F ,
 = E
�

⋮
�

F , -�B� = G���
⋮���H               (37) 

Covariance function can be selected: �����,8�� = 4>B�0,1 − �8��                                  (38) �����,8�� = ���'	�                                          (39) 

  �����,8�� = ���'	�
                                            (40) �����,8�� = 1 − 1.5I�� + 0.5I��0 , I�� = 43J�1,�8��                (41) �����,8�� = 1 − 3I�� + 2I��0 , I�� = 43J�1,�8��                  (42) �is control coefficient, general value is around 0.75, 8�� is space distance: 

8�� = K�B� − B� 
 + �C� − C� 
 + �D� − D� 
                     (43) 

In this paper, we choose the Eq. (40), namely the Gaussian covariance function. By 

solving Eq. (36), the Kriging interpolation weighting coefficient
��3 = 1,2, …J�
is 

obtained. Physical quantities of different point P presented byL��3 = 1,2, …J�: L� = ∑ 
�L�
�
�-�                                                (44) 

4. Unsteady aerodynamic model application of forced/free vibration for 

airframe/propulsion integrated aircraft 

In this section, aiming at the airframe/propulsion integrated aircraft WR (Wave Rider), 

the applicability of the aerodynamic model established based on the concept of 

parameterized dynamic derivative to the complex shape including internal flow is 

investigated. The aerodynamic shape of the aspirated hypersonic vehicle WR is modeled 

on the relatively successful aerodynamic/propulsion integrated design scheme X-51A 

WR vehicle shown in Fig. 1 designed in the United States. Its ballistic design includes 

boost stage, climbing stage, cruise stage and subduction stage. This section focuses on 

the calculation study of two typical ballistic positions of the transition point (booster 

separation: Ma=4.8, H=18288km) and the design point (cruise state: Ma=6.5, 

H=24384km). 

 

 

p

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The total length L of the aircraft design is 4.2672 meters, with a maximum 

approximate width of 0.5842 meters. The rudder configuration employs a 45-degree "V"-

shaped rudder in conjunction with a horizontal rudder, featuring a half-span of 0.7085 

meters. Table1 provides a comparison of the external geometric dimensions between WR 

and X-51A. The wedge-shaped wave-riding configuration of the WR wave-riding 

vehicle was developed using the inverse design methodology for wave-riding bodies [14]. 

The external compression section incorporates a multi-channel oblique shock wave 

compression system combined with isentropic wave compression, while the internal 

compression section features a mixed-pressure rectangular cross-section intake. The 

isolation segment is designed with slightly expanded rectangular ducts. The combustion 

chamber utilizes an open flame-stabilized cavity, measuring 0.1193 meters in length, 

0.0178 meters in depth, with a length-to-depth ratio of 6.7 and a trailing edge angle of 

30 degrees. The internal flow channel design of WR is illustrated in Fig. 2. 

 
Figure 1. WR-A “Wave Rider” 

Table1. Comparison of the geometric dimensions of the wave-multiplying shape 

 Total length of the aircraft 
maximum 

width 

slenderness 

ratio 

The width of the 

flow passage 

inside the engine 

X-51A 4.2672m 0.5842m 7.3 0.2286m 

WR-A 4.2672m 0.5842m 7.3 0.2286m 

 

 

Figure 2. Internal flow channel design of WR 

 

When an aircraft operates in flight regimes with strong nonlinear and unsteady 

aerodynamic characteristics, the applicability of linearized model equations may become 

inadequate. In such scenarios, more advanced mathematical models are required to 

accurately represent nonlinear unsteady aerodynamic behavior. Modern aircraft 

configurations and motion patterns are significantly more complex than traditional 

designs, particularly for integrated air-breathing hypersonic vehicles with coupled 

internal and external flows, where the nonlinearity and unsteadiness of the flowfield can 

be substantially amplified. Under these conditions, it becomes imperative to evaluate the 

suitability of dynamic derivative models. Building on a systematic investigation of how 

varying dynamic parameters influence dynamic derivatives, this study further simulates 

the high-angle-of-attack motion of an air-breathing integrated vehicle in its nonlinear 

flight regime. Through comparative validation against predictions from dynamic 

derivative models, the applicability of these models is rigorously assessed. 

4.1 Dynamic aerodynamic calculation of forced vibration 

The initial attack angle of the forced vibration is 0 degrees, the amplitude is 1 to 8 degrees, 

and the reduction frequency k=0.01. The comparison between the aerodynamic model 
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established based on the concept of parameterized dynamic derivative and CFD 

calculation results is shown in Fig. 3. The aerodynamic characteristics of the turning 

point of the integrated internal outflow show highly unsteady and non-linear 

characteristics. When the angle of attack is less than zero, the pitch moment coefficient 

calculated by the model is consistent with the hysteresis curve calculated by CFD (Fig. 

3(a)). When the angle of attack is greater than zero, the curve of pitch moment coefficient 

begins to show more obvious non-linearity. In Fig. 3, the calculation of the inner model 

of the hysteresis loop with the amplitude of 4 degrees at the design point is in good 

agreement with CFD calculation. When the amplitude is 6 and 8 degrees, there are certain 

differences between the two, but the trend is the same as the hysteresis curve. From the 

time history curve of the design point, it can be seen that when the motion is in the region 

with weak nonlinear characteristics, the aerodynamic data predicted by the dynamic 

derivative model is in good agreement with the unsteady calculation. When the motion 

is in a region with strong nonlinear characteristics, the calculation of dynamic derivative 

model is deviated from unsteady calculation, but the general trend is in good agreement. 

By comparing the calculation results of the transition point and the design point, it can 

be seen that the time history curve of the transition point is the vibration form of sine 

function, and the hysteresis loop is also a relatively smooth inclined ellipse. At this point, 

the aerodynamic model established based on the concept of parametric dynamic 

derivative is consistent with the CFD unsteady calculation results.  

  

(a)Design point, hysteresis loop (b)Stage transition point, hysteresis loop 

  

(c)Design point, amplitude 1˚ (d)Stage transition point, amplitude 1˚ 

  

(e)Design point, amplitude 2˚ (f)Stage transition point, amplitude 2˚ 
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(g)Design point, amplitude 4˚ (h)Stage transition point, amplitude 4˚ 

  

(i)Design point, amplitude 6˚ (j)Stage transition point, amplitude 6˚ 

  

(k)Design point, amplitude 8˚ (l)Stage transition point, amplitude 8˚ 

Figure 3. Time course and hysteresis loop of the forced vibration pitch moment coefficient in the integrated 

internal outflow 

4.2 Calculation of dynamic flow field parameters of forced vibration 

Figs. 4-5 present the characteristic curves of the dynamic derivative model in predicting 

inlet performance parameters at the design point and transition point, respectively. 

Unlike the pitch moment coefficient, the dynamic derivative model’s predictions for inlet 

performance parameters (e.g., flow coefficient, pressure rise ratio, and temperature rise 

ratio) align consistently with unsteady computational results across both positive and 

negative angle-of-attack ranges. As shown in Figs. 4-5, the flow coefficient, pressure rise 

ratio, and temperature rise ratio exhibit a linear increasing trend with rising angle of 

attack, while the average Mach number decreases linearly. In Fig. 4(c), the total pressure 

recovery coefficient at the design point increases to its peak value at 1.5° angle of attack 

and then gradually declines. Within the negative angle-of-attack range, the hysteresis 

characteristics of the total pressure recovery coefficient are minimal, with the upper and 

lower paths of the hysteresis loop nearly overlapping. However, when the angle of attack 

exceeds zero, the hysteresis effect becomes pronounced, and the hysteresis loop curve 

grows "fuller" at larger angles. Fig. 5(c) reveals similar trends for the total pressure 

recovery coefficient at the transition point, but with distinct hysteresis behavior in the 

negative angle-of-attack range. Here, the dynamic derivative model’s predictions slightly 

exceed the results from unsteady CFD computations. 
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(a)flow coefficient, hysteresis loop (b)flow coefficient, time history 

  

(c)Total pressure recovery coefficient, hysteresis loop (d)Total pressure recovery coefficient, time history 

  

(e)Pressure rise ratio, hysteresis loop (f)Pressure rise ratio, time history 

  

(g)Temperature rise ratio, hysteresis loop (h)Temperature rise ratio, time history 

  

(i)Average Mach number, hysteresis loop (j)Average Mach number, time history 

Figure 4. The time history and hysteresis loop of the inlet performance parameters at the design point of 

integrated internal outflow 
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(a)flow coefficient, hysteresis loop (b)flow coefficient, time history 

  

(c)Total pressure recovery coefficient, hysteresis loop (d)Total pressure recovery coefficient, time history 

  

(e)Pressure rise ratio, hysteresis loop (f)Pressure rise ratio, time history 

  

(g)Temperature rise ratio, hysteresis loop (h)Temperature rise ratio, time history 

  

(i)Average Mach number, hysteresis loop (j)Average Mach number, time history 

 

Figure 5. The time history and hysteresis loop of the inlet performance parameters at the stage transition 

point of integrated internal outflow 
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4.3 Analysis of free vibration with small damping 

The free vibration morphology of small damping is shown in Fig. 6(a). The comparison 

between the aerodynamic model established based on the concept of parameterized 

dynamic derivative and the unsteady aerodynamic force calculated by CFD is shown in 

Fig. 6(b)(c). The accuracy of the dynamic derivative simulation can significantly affects 

the accuracy of the aerodynamic model for the complex shape including internal flow. 

In this paper, the dynamic derivative of the integrated internal outflow is verified by 

experimental data. The calculation of dynamic derivative is relatively accurate, so the 

aerodynamic model and CFD calculation trend are in good agreement. 

          
                     (a) Attack angle, time history                   (b)Pitch moment coefficient, time history     (c) Pitch moment coefficient, hysteresis loop 

 

Figure 6. Time history and hysteresis loop of the integrated internal outflow with small damping free vibration 

 

4.4 Analysis of free vibration with large damp  

The form of large damp free vibration is shown in Fig.7(a). The comparison between the 

aerodynamic model established based on the concept of parameterized dynamic 

derivative and the unsteady aerodynamic force calculated by CFD is shown in Fig.7(b). 

Aerodynamic model calculation results 1 adopts every 2 ° pneumatic parameter data, 

results 2 and 3 adopts pneumatic parameter data of every 4 ° and 8 °, as shown in Table 

2. From the calculation result of aerodynamic model 1, it can be seen that the simulation 

accuracy of aerodynamic model decreases slightly for the complex shape including 

internal flow, but the two are more consistent in the overall trend. The prediction 

accuracy of the model decreases with the decrease of aerodynamic parameter data. Result 

2 is basically consistent with result 1 after dimensionless time t=40, and consistent with 

unsteady calculation in trend before t=40. Results 3 is far different from unsteady 

calculation. Therefore, sufficient aerodynamic parameter data is an important guarantee 

for the prediction accuracy of aerodynamic models. For integrated internal outflow in 

this section, the aerodynamic parameters in the database, the interval is limited to less 

than 4 ° in order to satisfy engineering simulation accuracy.  

 
Table 2. Aerodynamic parameters adopted by unsteady aerodynamic models 

 0° 2° 4° 6° 8° 

Aerodynamic Model 1 � � � � � 

Aerodynamic Model 2 �  �  � 

Aerodynamic Model 3 �    � 
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(a) Attack angle                              (b)Pitch moment coefficient 

Figure 7. Time history of the large damp free vibration of the integrated internal outflow 

5. Conclusion 

Based on the improved Etkin model, this paper establishes an unsteady aerodynamic 

parameter model by using the concept of parametric dynamic derivatives. For the 

integrated internal and external flow shape, the applicability of the aerodynamic model 

established based on the concept of parametric dynamic derivatives to the complex shape 

containing internal flow was investigated. Vibration modes are divided into forced 

vibration and free vibration. Forced vibration includes two parts of calculation: dynamic 

aerodynamic force and flow field parameters. For the two different states of small 

damping and large damping in free vibration, the calculation results of the aerodynamic 

model and CFD were compared. The calculation of the intra-hysteresis loop model with 

an amplitude of 4 degrees in the integrated internal and external flow shape design point 

is in good agreement with the CFD calculation. There is a certain difference between the 

two when the amplitude is 6 degrees and 8 degrees, but the trend is the same as that of 

the hysteresis curve. When the motion is in the region with weak nonlinear characteristics, 

the aerodynamic data predicted by the dynamic derivative model is in good agreement 

with the unsteady calculation. When the motion is in a region with strong nonlinear 

characteristics, there is a certain deviation between the calculation of the dynamic 

derivative model and the unsteady calculation. For complex shapes containing internal 

flow, the accuracy of dynamic derivative simulation significantly affects the precision of 

the aerodynamic model. The dynamic derivative of the integrated internal and external 

flow shape in this paper is verified by experimental data. The calculation of the dynamic 

derivative is relatively accurate. Therefore, the aerodynamic model and the CFD 

calculation trend are in good agreement. Furthermore, sufficient aerodynamic parameter 

data is an important guarantee for the prediction accuracy of aerodynamic models. For 

the integrated internal and external flow shape simulated, the interval of aerodynamic 

parameters in the database should preferably not exceed 4° to meet the accuracy 

requirements of engineering simulation. 
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Abstract. Based on the dynamic stability parameterization theory, this study 

improved the traditional Etkin model and constructed a nonlinear aerodynamic 

prediction model suitable for large-amplitude motions. Through the forced vibration 

experiments of the hypersonic HBS standard model, the dynamic response 

differences under harmonic vibration and self-defined vibration were compared and 

analyzed. The experiments found that under the condition of increasing frequency, 

the hysteresis loops generated by forced vibration presented a nested distribution 

feature, and the flow field lag phenomenon was significantly enhanced. As the 

motion amplitude increased, the nonlinear effect of aerodynamic force caused the 

hysteresis loop shape to gradually deform from a standard ellipse. At this time, the 

coupling effect of higher harmonic components and dynamic hysteresis intensified, 

causing the model prediction accuracy to fluctuate within a controllable range (error 

amplitude < 8%). This phenomenon revealed the applicability boundary of the 

existing model under strong nonlinear flow field conditions. 

Keywords. Dynamic derivative, unsteady, nonlinear flow, forced vibration 

1. Introduction 

The field of aircraft design faces technical challenges in predicting dynamic stability 

characteristics, with the core issue being the complex aerodynamic effects caused by 

unsteady flow phenomena [1]. Flow field features such as shock boundary layer 

interaction, vortex evolution and breakdown lead to significant nonlinear characteristics 

in fluid motion, which often result in aerodynamic responses beyond design expectations 

and may even cause sudden changes in aircraft dynamics [2]. To address this problem, 

modern aerodynamic modeling techniques play a crucial supporting role in the aircraft 

development stage by establishing mathematical mapping relationships between motion 

state parameters and aerodynamic forces [3].  

Although Computational Fluid Dynamics (CFD) can accurately capture the 

characteristics of complex flow fields, its high computational cost limits its application 

in multi-disciplinary coupling analysis. Model reduction techniques (ROM) can improve 

computational efficiency by one to two orders of magnitude by retaining the core 

dynamic characteristics of the system. Various methods have been developed, including 
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Volterra series, Proper Orthogonal Decomposition (POD), and surrogate models [4-5]. 

However, existing reduced-order models suffer from accuracy degradation when 

capturing strong nonlinear features such as flow hysteresis and bifurcation phenomena, 

and their application is mostly limited to subsonic and simple configurations, making it 

difficult to meet the requirements of supersonic complex shapes [6].  

In response to the limitations of the traditional dynamic derivative model, the 

improved parametric dynamic derivative concept has emerged [7-9]. The classic Etkin 

model assumes that dynamic derivatives are time-independent constants, which reveals 

obvious deficiencies when dealing with the dynamic characteristics at large angles of 

attack [10-11]. Modern research indicates that dynamic derivatives are essentially 

functions of parameters such as angle of attack and reduced frequency, and their 

parametric characteristics are more pronounced especially in complex conditions 

involving flow separation and shock wave oscillation. The dynamic stability parameter 

system developed based on this can effectively characterize the time-delay effect and 

cross-coupling characteristics of aerodynamic forces [12].  

To verify the applicability of the new pneumatic model, the study selected typical 

hypersonic benchmark models (HBS) as object [13]. By comparing key indicators such 

as aerodynamic force time history and flow field characteristic parameters under 

forced/free vibration, the prediction accuracy of the parametric dynamic derivative 

model and the traditional CFD method was systematically evaluated [14]. The 

experimental results show that the improved model retains the computational efficiency 

advantage (two orders of magnitude higher than CFD) while keeping the dynamic 

aerodynamic force prediction error within the engineering allowable range, verifying the 

engineering applicability of this modeling method. 

2. Computational Fluid Dynamics Formulation 

Three-dimensional dimensionless equation Navier-Stokes is used as the governing 

equation of fluid motion: 
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Q is a conserved variable, E, F and G are convective fluxes, ��,�� and ��are viscous 
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� is total energy, ℎ is total enthalpy, ��� is the viscous stress, � , is the heat transfer 

coefficient. The LU-SGS method only has first-order accuracy, and the numerical 

simulation of unsteady problems requires the accurate solution of time derivative term 

[15]. Direct use of the LU-SGS method cannot meet the requirements [16]. Jameson [17] 

proposed a Dual-timestep method, which can introduce the newton-like virtual time 

iteration process to the frozen physical time point of ADI or LU type implicit 

approximate fast algorithm, and improve the lost time precision in the approximate 

process by sub-iteration. 

This article uses time derivative of the implicit difference discrete item Eq. (1) of 

second order �� = 2� , at the same time introducing virtual items and set as first-order 

backward difference discrete: 

��� ����������
�������������


∆�
+ ��� �������

∆�
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It can be combed as:  
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The second term in the middle right end of Eq. (7) is the unsteady driving term 

caused by the duel- time- step method, which is the known term. Linearize Eq. (7), and 

obtain: 
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In Eq. (8)  
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In Eq. (10) 
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The method SGS (Symmetric Gauss-Seidel) is used to solve the problem step by 

step: 

∆�'�,�,��
= −"��(����� + #∆�'�,�,�� )                          (14) 

∆�'�,�,��
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�
                            (16) 

Update the flow field of the moment 
� + 1 to: ���� = �� + ∆��                                      (17) 

When the iteration index is 
� → ∞, virtual time tends to zero, at this time, ���� =

����
,  solving the Eq. (1) with time second order accuracy. The dual time step method 

improves the time accuracy of unsteady flow simulation. The virtual time derivative term 
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adopts the LU-SGS implicit time method, which relaxes the limitation to time step and 

improves the efficiency of unsteady calculation. 

3. Application of Unsteady Aerodynamic Model with Forced Vibration of HBS 

Standard Model 

In this section, for the HBS (Hyper Ballistic Shape) standard model of the hypersonic 

missile, an aerodynamic model based on the concept of parameterized dynamic 

derivative is adopted to calculate the unsteady aerodynamic force of the forced vibration 

and is compared with the CFD numerical simulation method. The dynamic 

characteristics of HBS include the detailed wind tunnel experiment results conducted by 

the University of Southampton. 

HBS shape parameters are shown in Fig. 1, including: 
� � 12.5��, 
� � 5°, 
� �

15° . An axisymmetric grid is generated by means of symmetry surface rotation. Fig. 2 

shows the HBS model object surface and the symmetrical surface grid, with the number 

of grids: 131*73*51 (flow direction x circumference x radial direction). Calculation 

condition is from the wind tunnel experimental conditions: �
� � 6.85, head diameter 

is the reference length of ��� � 0.72 � 10�
, centroid position of ��	/� � 0.72. 

 

Figure 1. HBS contour parameters 

 

 

Figure 2. HBS model object surface and symmetrical surface grid 

 

In this paper, the steady calculation under different angles of attack of HBS is firstly 

carried out, and the obtained flow field data is taken as the initial field of unsteady 

calculation,it is used to accelerate the convergence rate of unsteady flow field. Then, the 

dynamic derivative data �
�� � �

 is obtained through unsteady calculation, as shown 

in Table 1. 
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Table 1. Steady aerodynamic and dynamic derivative data of HBS model 

Angle(°) Cm ���� � ��� 

0 0.000 -20.53 

3 0.090 -17.42 

5 0.133 -17.02 

8 0.165 -17.49 

10 0.137 -16.03 

13 0.035 -20.01 

15 -0.085 -27.04 

18 -0.138 -54.99 

20 -0.013 -61.25 

23 0.239 -54.40 

25 0.407 -56.02 

27 0.581 -58.52 

 

Based on the calculation of different frequencies and amplitudes, the effect of hysteresis 

of vibration on the simulation accuracy of unsteady aerodynamic model is analyzed, and 

the applicability of unsteady aerodynamic model to nonlinear state is investigated. In 

order to verify the universality of unsteady aerodynamic model to different vibration 

modes, this paper also carried out comparative analysis on four different customized 

forced vibration modes.  

3.1 Hysteresis effect analysis of forced harmonic frequency 

Forced longitudinal vibration mode ���� � 
 � �� � �
�� !� ,calculate the initial 

attack angle �� � 0 , take 5 ° and 10 ° respectively, and the amplitude frequency 

reduction k are 0.01, 0.03, 0.05. The incoming flow Mach number �
� � 6.85, the 

Reynolds number ��� � 0.72 � 10�
. Figs. 3-4 show the hysteresis loop and time history 

of different frequency of HBS. 

  

(a) hysteresis loop (b) k=0.01, time history 
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(c) k=0.03, time history (d) k=0.05, time history 

Figure 3.  Hysteresis loop and the time course of different frequencies at HBS amplitude of 5 ° 

 

As shown in Fig. 3(b), when ! � 0.01 amplitude of 5 °, CFD numerical simulation 

is coincide with the model coincides with the CFD results calculation. As the frequency 

increases, the hysteresis loop is progressively nested outward, and the more obvious the 

hysteresis effect is, the "fuller" the hysteretic loop curve is (Fig. 3(a)). At this point, there 

is a slight difference between CFD numerical simulation and unsteady aerodynamic 

model calculation (Fig. 3(c-d)). 

When the amplitude increased to 10 °, contrast Figs. 3-4 show there is an obvious 

nonlinear aerodynamic force, hysteresis loop curve starting from the smooth oval 

becomes bent. As shown in Fig. 4(a), although the flow is in a non-linear state, the model 

coincides with the CFD results equation is instantaneous, and the dynamic derivative is 

expressed as a function of the vehicle's moving state parameters, which can better predict 

the nonlinear effect of the aerodynamic coefficient. When the frequency increases, as 

shown in Fig. 4 (c-d), the unsteady aerodynamic forces not only present non-linear 

characteristics, but also, the influence of high harmonics and hysteresis effects presented, 

and the prediction accuracy of unsteady aerodynamic models decreases.  

  

(a) hysteresis loop (b) k=0.01, time history 

  

(c) k=0.03, time history (d) k=0.05, time history 

Figure 4. Hysteresis loop and the time course of different frequencies at HBS amplitude 10 ° 
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3.2 Influence of amplitude of nonlinear state of forced harmonic oscillations 

Forced pitching vibration mode ���� � 
 � �� � �
�� !� , calculate the initial attack 

angle�� � 0, reduced frequency is ! � 0.01, amplitudes are 5 °, 10 °, 18 °, 25 °. The 

incoming flow Mach number �
� � 6.85, the Reynolds number ��� � 0.72 � 10�
. 

The hysteresis loops and time history curves of different amplitudes are given 

respectively in Figs. 5-6. With the increase of amplitude, the nonlinear characteristics of 

aerodynamic coefficients become more and more obvious. When amplitude is less than 

18 °, CFD numerical simulation is coincide with the model coincides with the CFD 

results calculation, as shown in Fig. 5 (a-c). When the amplitude is 25 ° (Fig. 5(d)), 

aerodynamic force data of the model coincides with the CFD results at the peak is smaller 

compared with CFD numerical simulation. But the overall trend is consistent. On the 

whole, the model coincides with the CFD results based on the parameterized dynamic 

derivative concept can predict the aerodynamic data under nonlinear conditions 

accurately. 

 

Figure 5. Hysteresis loop of different amplitude of HBS 

  

(a)5°amplitude (b)10°amplitude 

  

(c)18°amplitude (d)25°amplitude 

Figure 6. Time history of different amplitude of HBS 
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3.3 Application of unsteady aerodynamic model in customized forced vibration 

This section carries out comparative analysis of unsteady aerodynamic model and CFD 

calculation for four different customized forced vibration forms. The customized 

vibration forms 1-4 are: 

⎩⎨
⎧���� � �� � �
�%&�!� � %&�2!� � �� 3!��

���� � �� � �
�%&�!� � �� 2!� � %&�3!��
���� � �� � �
��� !� � %&�2!� � �� 3!��
���� � �� � �
��� !� � �� 2!� � %&�3!��

                     (18) 

Fig. 7 shows function graphics of a customized vibration mode, values of the 

parameters in Eq. (18) are �� � 0, �
 � 0.5, ! � 0.01. The vibration within each period 

in the graph of function is not regular and has strong non-linear characteristics. The 

universality of unsteady aerodynamic models to different vibration modes is further 

investigated. 

  

(a)vibration form 1 (b)vibration form 2 

  

(c)vibration form 3 (d)vibration form 4 

Figure 7. Different forced vibration forms of HBS 
 

Calculate the initial attack angle�� � 0, reduced frequency ! � 0.01, amplitude�
 

is 10 ° and 20 °respectively. The incoming flow Mach number �
� � 6.85, Reynolds 

number ��� � 0.72 � 10�
. Figs. 8-9 show the time history and hysteresis loop of HBS 

customized forced vibration. 

  

(a)vibration form 1, 10°amplitude (b)vibration form 1, 20°amplitude 
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(c)vibration form 1, 10°amplitude (d)vibration form 1, 20°amplitude 

  

(e)vibration form 2, 10°amplitude (f)vibration form 2, 20°amplitude 

  

(g)vibration form 2, 10°amplitude (h)vibration form 2, 20°amplitude 

Figure 8. Time history of HBS customized forced vibration 

 

  

(a)vibration form 1, 10°amplitude (b)vibration form 1, 20°amplitude 

  

(c)vibration form 1, 10°amplitude (d)vibration form 1, 20°amplitude 
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(e)vibration form 2, 10°amplitude (f)vibration form 2, 20°amplitude 

  

(g)vibration form 2, 10°amplitude (h)vibration form 2, 20°amplitude 

Figure 9. Hysteresis loop of HBS customized forced vibration 

 

Contrast the time course of 10 ° and 20 °amplitude in the figure, the increase of 

amplitude makes teh change of aerodynamic coefficient in a cycle more complex, 

nonlinear characteristics is increasingly obvious. The rotation direction of hysteresis ring 

represents the direction of aerodynamic work. Hysteresis rings in different vibration 

forms are nested, but all rotate counterclockwise. It means that HBS does work on the 

environment, consumes its HBS energy, and it is in a dynamic and stable state. The 

hysteresis ring area represents the amount of work done by the environment during the 

HBS vibration. 

As shown in Fig. 9, the precision of simulation of the model coincides with the CFD 

results of 10 ° amplitude of hysteresis loop is better than 20 ° amplitude. As the 

aerodynamic model expression based on dynamic derivative is non-linear in form as well 

as a function of instantaneous value of state parameters, so it is more accurate to fit the 

non-linearity of different vibrations in the figure. When the amplitude increases, the 

time-history effect has a significant impact on the aerodynamic force. Under these 

circumstances, the simulation accuracy of the aerodynamic model decreases, but the 

trend is consistent with CFD calculation. 

4. Conclusions 

Based on the improved Etkin model, the unsteady aerodynamic parameter model is 

established by using the concept of parameterized dynamic derivative. As for the HBS 

shape, the unsteady aerodynamic force of forced vibration is calculated by using the 

aerodynamic model based on the concept of parametric dynamic derivative, and the 

results are compared with the CFD unsteady calculation. The results of the study on the 

influence of frequency show that the CFD numerical simulation and unsteady 

aerodynamic model calculation are basically coincident. Along with the increase of 

frequency, nested hysteresis loop formed from within, the hysteresis effect of flow field 
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is more obvious, hysteresis curve is "fuller" , when there is an obvious nonlinear occurs 

to aerodynamic, hysteresis loop the curve deforms from a smooth ellipse to a distorted 

shape, the influence of high harmonics and hysteresis effect began to emerge, the model 

coincides with the CFD results prediction accuracy reduces. The study result of influence 

of the amplitude, when the amplitude is less than 18 °, CFD numerical simulation and 

the model coincides with the CFD results calculation is basically same. When the 

amplitude is 25 °, the data of unsteady aerodynamic model in aerodynamic force peak is 

smaller compared with CFD numerical simulation. But the overall trend is consistent. To 

sum up, the model coincides with the CFD results established by the parameterized 

dynamic derivative concept can accurately predict the aerodynamic data and flow field 

parameters under nonlinear conditions. Large angle of attack and complex shape of 

unsteady flow field have strong hysteresis effect, and the influence of time-history effect 

on unsteady aerodynamic forces cannot be ignored. Therefore, the simulation accuracy 

of aerodynamic model for large angle of attack vibration is reduced, but it can still reflect 

the variation trend of dynamic aerodynamic forces. 
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