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ABSTRACT

With the rapid expansion of low-altitude flight application scenarios, traditional safety supervision models for
low-altitude flight operations, characterized by passivity, fragmentation and low efficiency, can no longer meet the
requirements of safe and orderly development of the low-altitude economy. Digital transformation has become an
inevitable trend to upgrade the safety supervision capacity of low-altitude flight operations. This study explores
the path of digital transformation of low-altitude flight safety supervision from the perspective of technological
integration, and constructs a comprehensive supervision framework based on digital twin (DT) and blockchain
(BC) technologies. First, the study systematically analyzes the limitations of traditional supervision models and
the application potential of DT and BC in safety supervision. Second, the functional modules of the framework
are designed, including real-time monitoring based on DT, data trusted sharing based on BC, risk early warning,
intelligent decision-making and emergency disposal. Third, the technical implementation path of the framework is
clarified, involving data collection layer, model construction layer, blockchain service layer and application service
layer. Finally, the effectiveness of the framework is verified through a case study of urban low-altitude logistics su-
pervision. Research results show that the integrated application of DT and BC can realize the full-chain, real-time
and intelligent supervision of low-altitude flight operations, effectively improve the efficiency of risk identification
and disposal, and provide technical support for the digital transformation of low-altitude flight safety supervision.
This study enriches the theoretical research on low-altitude safety supervision and digital transformation, and
provides practical reference for government supervision departments and related enterprises to promote the mo-
dernization of low-altitude safety supervision capacity.
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1. Introduction

1.1 Research Background

The low-altitude economy, driven by technological innovation and policy liberalization, has developed
rapidly in recent years, covering a wide range of application scenarios such as urban logistics, agricultural
plant protection, emergency rescue, aerial tourism and power inspection . Low-altitude flight operations,
as the core carrier of the low-altitude economy, have shown an explosive growth trend. However, the

complex and diverse characteristics of low-altitude flight scenarios, coupled with the large number of flight
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operators, the variety of aircraft types and the low threshold of operation, have brought great challenges to
the safety supervision of low-altitude flight operations . According to the statistics of the International Civil
Aviation Organization (ICAO), the number of low-altitude flight safety incidents has increased by an average
of 18% annually in the past five years, of which 35% are due to inadequate supervision and delayed risk
disposal .

At present, the safety supervision of low-altitude flight operations in most countries still adopts the
traditional supervision model, which mainly relies on manual inspection, post-event investigation and
limited technical means such as GPS positioning . This model has obvious limitations: first, the supervision
is passive. It is difficult to find potential safety risks in the operation process in a timely manner, and
most supervision measures are aimed at dealing with accidents after they occur . Second, the supervision
is fragmented. The supervision data is scattered in different departments (such as civil aviation, public
security, and transportation) and enterprises, resulting in information islands and difficult coordination
between supervision subjects . Third, the supervision efficiency is low. The traditional manual supervision
method is difficult to cope with the large-scale and high-frequency low-altitude flight operations, and
there are problems such as incomplete supervision coverage and slow response to incidents . Fourth, the
credibility of supervision data is insufficient. There are risks of data tampering and falsification in the
process of data collection, transmission and storage, which affects the accuracy of supervision decisions .

In response to the above problems, countries around the world have begun to explore the digital
transformation of low-altitude flight safety supervision. For example, China has proposed to build a ,digital
low-altitude“ supervision system in the ,14th Five-Year Plan for the Development of the General Aviation
Industry”, emphasizing the application of advanced digital technologies to improve supervision capacity ;
the United States has launched the UAS Traffic Management (UTM) project, which uses digital technologies
such as big data and artificial intelligence to realize the intelligent management and supervision of low-
altitude UAV operations ; South Korea and Italy have also carried out pilot applications of digital supervision
technologies in low-altitude flight operations, and achieved initial results . However, the current digital
transformation of low-altitude flight safety supervision still faces many problems: first, the lack of a
systematic digital supervision framework, and the application of digital technologies is mostly scattered
and fragmented; second, the integration degree of different digital technologies is low, and it is difficult to
give full play to the synergistic effect of technologies; third, the trusted sharing of supervision data between
multiple subjects is difficult, which affects the efficiency of collaborative supervision; fourth, the integration
of digital supervision models with actual operation scenarios is insufficient, and the practicality and
applicability need to be improved .

Digital twin (DT) and blockchain (BC) are key technologies driving the digital transformation of
industries. DT can realize the real-time mapping and dynamic simulation of physical entities, providing
a basis for real-time monitoring and risk prediction ; BC has the characteristics of decentralization,
immutability and traceability, which can ensure the trusted sharing of data between multiple subjects . The
integrated application of DT and BC can make up for the deficiencies of traditional supervision models, and
provide a new solution for the digital transformation of low-altitude flight safety supervision. Against this
background, exploring the construction of a low-altitude flight safety supervision framework based on DT
and BC, and clarifying its functional modules and implementation paths, is of great theoretical and practical
significance for improving the level of low-altitude flight safety supervision and promoting the healthy
development of the low-altitude economy.
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1.2 Research Objectives and Significance

The main objectives of this study are: (1) to systematically analyze the limitations of traditional
low-altitude flight safety supervision models and the core demands of digital transformation; (2) to
explore the application mechanism of DT and BC in low-altitude flight safety supervision, and clarify the
synergistic effect of the two technologies; (3) to construct a digital supervision framework for low-altitude
flight operations based on the integration of DT and BC, and design its functional modules and technical
architecture; (4) to verify the effectiveness and feasibility of the framework through case studies, and put
forward targeted implementation suggestions.

The theoretical significance of this study lies in: first, it enriches the research system of low-altitude
flight safety supervision, and provides a new theoretical perspective for the study of digital transformation
of safety supervision by integrating DT and BC technologies; second, it clarifies the application mechanism
and synergistic effect of DT and BC in low-altitude flight safety supervision, and deepens the understanding
of the application of digital technologies in the field of low-altitude safety. The practical significance is
reflected in: first, it can provide a systematic framework and technical path for government supervision
departments to promote the digital transformation of low-altitude flight safety supervision, helping
to improve the efficiency and level of supervision; second, it can realize the full-chain and real-time
supervision of low-altitude flight operations, effectively reducing safety risks and ensuring the safe and
orderly development of the low-altitude economy; third, it can promote the trusted sharing of supervision
data between multiple subjects, strengthening the collaborative supervision capacity of government

departments, enterprises and industry associations.

1.3 Research Methodology and Structure

This study adopts a combination of literature review, technical analysis, framework construction and
case study methods. First, through a systematic review of domestic and foreign literature on low-altitude
flight safety supervision, digital transformation, DT and BC technologies, this paper sorts out the research
progress and existing deficiencies in related fields, and lays a theoretical foundation for the research.
Second, through technical analysis, this paper explores the application potential and mechanism of DT and
BC in low-altitude flight safety supervision, and clarifies the technical advantages and synergistic effect
of the two technologies. Third, based on the above research, this paper constructs a digital supervision
framework for low-altitude flight operations based on the integration of DT and BC, and designs its
functional modules and technical architecture. Finally, this paper takes the safety supervision of urban
low-altitude logistics operations as a case, verifies the effectiveness of the framework through simulation
experiments and practical data analysis, and puts forward corresponding implementation suggestions.

The structure of this paper is arranged as follows: the first part is the introduction, which elaborates
on the research background, objectives, significance, methodology and structure. The second part is
the literature review and theoretical basis, which sorts out the related literature and expounds the
theoretical basis of DT and BC. The third part analyzes the limitations of traditional low-altitude flight
safety supervision models and the core demands of digital transformation. The fourth part explores the
application mechanism of DT and BC in low-altitude flight safety supervision. The fifth part constructs
the digital supervision framework based on DT and BC, and designs its functional modules and technical
architecture. The sixth part verifies the effectiveness of the framework through a case study. The seventh
part puts forward the implementation suggestions for the digital transformation of low-altitude flight safety

supervision. The eighth part is the conclusion and prospect.
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2. Literature Review and Theoretical Basis

2.1 Research Progress on Low-Altitude Flight Safety Supervision

Domestic and foreign scholars have carried out a lot of research on low-altitude flight safety
supervision, mainly focusing on supervision mechanism, supervision technology and supervision policy.
In terms of supervision mechanism, scholars have focused on the construction of multi-party collaborative
supervision systems. For example, some scholars have proposed to establish a collaborative supervision
mechanism involving government departments, industry associations, operation enterprises and the public,
and clarify the responsibilities and division of labor of each subject to improve supervision efficiency .
Others have studied the supervision mechanism of low-altitude flight operations in different countries,
and put forward suggestions for improving China‘s supervision mechanism by learning from international
advanced experience . In terms of supervision technology, relevant studies have focused on the application
of emerging technologies such as big data, artificial intelligence and IoT in safety supervision. Some scholars
have studied the application of big data technology in low-altitude flight safety risk assessment, realizing the
identification and early warning of potential risks . Others have proposed to use IoT technology to collect
real-time operation data of low-altitude aircraft, and realize the real-time monitoring of flight operations .

In terms of supervision policy, scholars have focused on the formulation and improvement of low-
altitude flight supervision policies and standards. Some studies have analyzed the problems existing in
the current low-altitude flight supervision policies, and proposed to formulate more targeted supervision
policies according to the characteristics of different application scenarios . Others have studied the
international experience of low-altitude flight supervision policy formulation, and put forward suggestions
for improving China‘s low-altitude flight supervision policy system . However, the existing research still
has some deficiencies: first, most studies focus on the application of a single digital technology, and lack
the research on the integrated application of multiple digital technologies in safety supervision; second,
the research on the digital transformation of low-altitude flight safety supervision is mostly fragmented,
and there is a lack of systematic framework construction; third, the research on the trusted sharing
of supervision data between multiple subjects is insufficient, and it is difficult to meet the needs of

collaborative supervision.

2.2 Research Progress on Digital Transformation of Safety Supervision

Digital transformation has become a hot topic in the field of safety supervision, and scholars have
carried out a lot of research on digital transformation in various fields such as manufacturing, construction
and transportation. In terms of digital transformation framework, some scholars have constructed a
digital transformation framework for enterprise safety supervision, which includes data collection, data
analysis, intelligent decision-making and other links . Others have studied the digital transformation path
of government safety supervision, emphasizing the importance of policy support, technical innovation and
talent training . In terms of technology application, relevant studies have focused on the application of DT,
BC, artificial intelligence and other technologies in digital transformation. For example, some scholars have
applied DT technology to the safety supervision of intelligent manufacturing workshops, realizing the real-
time monitoring and dynamic simulation of production safety risks . Others have used BC technology to
build a trusted data sharing platform for safety supervision, ensuring the authenticity and traceability of
supervision data .

However, the existing research on digital transformation of safety supervision is mostly concentrated
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in traditional industries, and there is a lack of targeted research on the digital transformation of low-
altitude flight safety supervision. Low-altitude flight operations have the characteristics of high mobility,
wide coverage and complex scenarios, which put forward higher requirements for digital transformation.
Therefore, it is necessary to combine the characteristics of low-altitude flight operations to carry out in-

depth research on the digital transformation of safety supervision.
2.3 Theoretical Basis

2.3.1 Digital Twin Theory

Digital twin (DT) is a virtual model that is accurately mapped with physical entities, which can realize
the real-time interaction and dynamic simulation of physical entities and virtual models . The core elements
of DT include physical entities, virtual models, data links and service applications. Physical entities are the
objects of mapping, including low-altitude aircraft, flight operators and operation environments; virtual
models are the digital abstractions of physical entities, which can reflect the state and behavior of physical
entities in real time; data links are the bridges between physical entities and virtual models, realizing the
real-time transmission and interaction of data; service applications are the specific application scenarios of
DT, such as real-time monitoring, risk prediction and intelligent decision-making . DT has the characteristics
of real-time mapping, dynamic simulation, predictive analysis and intelligent control, which can provide
a powerful technical means for the real-time monitoring and risk early warning of low-altitude flight
operations.
2.3.2 Blockchain Theory

Blockchain (BC) is a distributed ledger technology that is composed of multiple nodes and realizes
data storage and verification through cryptographic algorithms . The core characteristics of BC include
decentralization, immutability, traceability and trusted sharing. Decentralization means that the data is
stored in multiple nodes, and there is no central control node; immutability means that once the data is
recorded on the blockchain, it cannot be tampered with; traceability means that the entire process of data
generation and transmission can be traced; trusted sharing means that multiple subjects can share data on
the blockchain without mutual trust. BC technology can solve the problems of data trust and sharing in low-
altitude flight safety supervision, ensuring the authenticity and integrity of supervision data, and promoting

the collaborative supervision between multiple subjects.

2.3.3 Collaborative Governance Theory

Collaborative governance theory refers to the process of multiple subjects (such as government,
enterprises, industry associations and the public) participating in governance together, through
communication, cooperation and coordination, to achieve common governance goals . The core ideas of
collaborative governance theory include multi-subject participation, equal consultation, resource sharing
and cooperative. In the digital transformation of low-altitude flight safety supervision, collaborative
governance theory can provide a theoretical basis for the construction of a multi-subject collaborative
supervision system. By establishing a trusted data sharing platform based on BC technology, we can realize
the information sharing and collaborative decision-making between government departments, enterprises

and industry associations, and form a joint force for safety supervision.

3. Limitations of Traditional Low-Altitude Flight Safety Supervision Models
and Core Demands of Digital Transformation
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3.1 Limitations of Traditional Supervision Models

3.1.1 Passive Supervision and Delayed Risk Response

Traditional low-altitude flight safety supervision mainly adopts a post-event supervision model, which
is difficult to carry out real-time monitoring of the entire process of flight operations. Most safety risks are
found after accidents occur, resulting in delayed risk response and difficulty in controlling the expansion
of accident losses . For example, in the supervision of urban low-altitude logistics operations, traditional
supervision methods can only check the flight records and accident reports after the event, and cannot
find potential risks such as flight path deviation and equipment failure in a timely manner during the flight

process.

3.1.2 Fragmented Supervision and Information Islands

The supervision of low-altitude flight operations involves multiple government departments such
as civil aviation, public security, transportation and emergency management. Each department has its
own supervision scope and data system, resulting in fragmented supervision and information islands .
The supervision data cannot be effectively shared between departments, leading to repeated supervision
and missed supervision. For example, the flight plan approval data of civil aviation departments, the real-
time positioning data of public security departments and the accident investigation data of emergency
management departments cannot be interconnected, which affects the efficiency of collaborative
supervision.
3.1.3 Low Supervision Efficiency and Incomplete Coverage

With the rapid growth of low-altitude flight operations, the number of flight operators and aircraft
has increased sharply. Traditional manual supervision methods are difficult to cope with the large-scale
and high-frequency supervision tasks, resulting in low supervision efficiency and incomplete coverage .
For example, in rural areas where agricultural plant protection UAV operations are intensive, due to the
wide operation area and scattered operators, traditional supervision methods cannot realize full coverage
supervision, and there are many supervision blind areas.
3.1.4 Insufficient Credibility of Supervision Data

In the traditional supervision model, the collection, transmission and storage of supervision data are
mostly completed through centralized systems, which have risks of data tampering, falsification and loss.
The insufficient credibility of supervision data affects the accuracy of supervision decisions and the fairness
of accident investigation . For example, some flight operators may falsify flight records to avoid supervision,

which brings great difficulties to the identification of accident responsibilities.
3.2 Core Demands of Digital Transformation

3.2.1 Real-Time and Full-Chain Supervision

Digital transformation of low-altitude flight safety supervision needs to realize real-time monitoring of
the entire process of flight operations, including flight plan approval, take-off and landing, flight process and
task completion. It is necessary to collect real-time data of aircraft status, flight path, operator behavior and
environmental conditions, and realize the full-chain supervision of ,pre-flight, in-flight and post-flight“ to
ensure that potential safety risks are found and disposed of in a timely manner.
3.2.2 Multi-Subject Collaborative Supervision

Digital transformation needs to break down information islands between multiple supervision
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subjects, realize the trusted sharing of supervision data between government departments, operation
enterprises, training institutions and industry associations. It is necessary to establish a collaborative
supervision mechanism based on digital technologies, strengthen the communication and cooperation
between multiple subjects, and form a joint force for safety supervision.
3.2.3 Intelligent Risk Identification and Early Warning

Digital transformation needs to use advanced digital technologies such as big data and artificial
intelligence to analyze the collected supervision data, realize the intelligent identification and early warning
of potential safety risks. It is necessary to establish a risk early warning model, predict the occurrence
probability and impact scope of safety risks, and provide decision-making support for risk disposal.
3.2.4 Trusted Data Management and Traceability

Digital transformation needs to ensure the authenticity, integrity and traceability of supervision
data. It is necessary to use technologies such as BC to realize the trusted storage and transmission of data,
prevent data tampering and falsification, and provide a reliable basis for supervision decisions, accident

investigation and responsibility identification.

4. Application Mechanism of Digital Twin and Blockchain in Low-Altitude
Flight Safety Supervision

4.1 Application Mechanism of Digital Twin

4.1.1 Real-Time Mapping of Flight Operations

DT can realize the real-time mapping of low-altitude flight operations by collecting real-time data of
physical entities (such as aircraft, operators and operation environments) through sensors, GPS, [oT and
other technologies. The virtual model in DT is consistent with the physical entity in terms of state, behavior
and attributes, and can reflect the real-time status of flight operations . For example, the virtual model can
display the real-time position, altitude, speed, battery status and other information of the aircraft, as well
as the meteorological conditions (such as wind speed, wind direction and visibility) of the operation area,
providing a visual basis for real-time supervision.
4.1.2 Dynamic Simulation and Risk Prediction

Based on the real-time mapping data, DT can carry out dynamic simulation of flight operations,
simulate the evolution process of potential safety risks under different scenarios, and realize risk prediction.
For example, DT can simulate the impact of sudden bad weather on flight operations, predict the probability
of flight accidents such as aircraft collision and crash, and provide early warning information for supervision
departments . At the same time, DT can also simulate the effect of different risk disposal measures,
providing a basis for intelligent decision-making.
4.1.3 Visual Supervision and Operation Guidance

DT can provide a visual supervision interface for supervision personnel, displaying the real-time status
of flight operations and potential safety risks in a visual way (such as 3D models, charts and indicators).
Supervision personnel can intuitively grasp the overall situation of low-altitude flight operations and carry
out targeted supervision. In addition, DT can also provide operation guidance for flight operators, such as

optimizing flight paths and reminding of potential risks, to improve the safety of flight operations.
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4.2 Application Mechanism of Blockchain

4.2.1 Trusted Sharing of Supervision Data

BC can establish a trusted data sharing platform for low-altitude flight safety supervision, realizing
the secure sharing of supervision data between multiple subjects. Each supervision subject (government
department, enterprise, industry association) is a node on the blockchain, and the supervision data is
recorded on the blockchain after being verified by multiple nodes. Due to the characteristics of immutability
and traceability of BC, the shared data is authentic and reliable, which can break down information islands
and improve the efficiency of collaborative supervision . For example, the flight plan approval data of civil
aviation departments, the real-time positioning data of enterprises and the training qualification data of
training institutions can be shared on the blockchain, realizing the collaborative supervision of the entire

process of flight operations.

4.2.2 Traceability of Flight Operation Data

BC can realize the full-process traceability of low-altitude flight operation data, including the
generation, transmission and storage of data. Each piece of data recorded on the blockchain has a unique
time stamp and digital signature, which can trace the source and transmission path of the data. This is of
great significance for accident investigation and responsibility identification. For example, in the event
of a low-altitude flight accident, supervision departments can trace the flight record, equipment status
and operator behavior data through the blockchain, accurately identify the cause of the accident and the

responsible subject.

4.2.3 Decentralized Supervision and Anti-Tampering

BC adopts a decentralized architecture, and the supervision data is stored in multiple nodes, avoiding
the risk of data loss or tampering caused by a single point of failure. At the same time, the cryptographic
algorithm of BC ensures that the data cannot be tampered with without the consent of most nodes, ensuring
the integrity and security of the data. This can effectively prevent flight operators from falsifying flight

records and other data to avoid supervision, and improve the authority and credibility of supervision.

4.3 Synergistic Effect of Digital Twin and Blockchain

The integrated application of DT and BC in low-altitude flight safety supervision can produce a
significant synergistic effect, making up for the deficiencies of a single technology. On the one hand, DT
provides real-time, comprehensive and accurate data for BC. The real-time mapping and dynamic simulation
of DT generate a large amount of operation data, which provides a data basis for the trusted sharing and
traceability of BC. On the other hand, BC provides trusted data support for DT. The trusted data shared by
BC ensures the accuracy and reliability of the data used in DT's virtual model construction and dynamic
simulation, improving the effectiveness of DT‘s risk prediction and intelligent decision-making . In addition,
the combination of DT‘s visual supervision and BC's collaborative supervision can realize the multi-
dimensional and multi-subject intelligent supervision of low-altitude flight operations, greatly improving

the supervision capacity and efficiency.

5. Construction of Digital Supervision Framework for Low-Altitude Flight
Operations Based on DT and BC

5.1 Framework Design Principles
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5.1.1 Data-Driven Principle

The framework should take data as the core, collect and integrate multi-source data of low-altitude
flight operations, and realize the data-driven supervision decision-making. It is necessary to ensure the
comprehensiveness, accuracy and real-time nature of the data, and lay a solid foundation for the application
of DT and BC technologies.

5.1.2 Technology Integration Principle
The framework should realize the deep integration of DT, BC, big data, artificial intelligence and
other digital technologies, give full play to the synergistic effect of various technologies, and improve the

intelligent level of supervision.
5.1.3 Multi-Subject Collaborative Principle
The framework should consider the needs of multiple supervision subjects, establish a collaborative

supervision mechanism based on trusted data sharing, and realize the information sharing and collaborative

decision-making between government departments, enterprises and industry associations.

5.1.4 Practicality and Scalability Principle

The framework should be closely combined with the actual needs of low-altitude flight operations,
ensuring the practicality and applicability of the framework. At the same time, the framework should have
good scalability, which can adapt to the continuous expansion of low-altitude flight application scenarios

and the continuous development of digital technologies.

5.2 Overall Architecture of the Framework

The digital supervision framework for low-altitude flight operations based on DT and BC is composed
of four layers: data collection layer, model construction layer, blockchain service layer and application
service layer. The overall architecture is shown in Figure 1 (Note: Since image creation is not allowed, the

figure description is omitted, and the layer functions are detailed in the text).

5.2.1 Data Collection Layer

The data collection layer is responsible for collecting multi-source data of low-altitude flight
operations, including aircraft data, operator data, environmental data and operation data. The data
collection methods include: (1) Aircraft data: collected through sensors installed on the aircraft, including
aircraft status (battery, engine, navigation system), flight parameters (position, altitude, speed, heading)
and flight records; (2) Operator data: collected through training institutions and certification authorities,
including operator qualification, training records and operation experience; (3) Environmental data:
collected through meteorological stations, environmental monitoring sensors and other equipment,
including meteorological conditions (wind speed, wind direction, precipitation, visibility), geographical
environment (terrain, obstacles) and electromagnetic environment; (4) Operation data: collected through
operation enterprises and supervision departments, including flight plans, task requirements and operation
results. The data collected by this layer is transmitted to the model construction layer and blockchain

service layer through secure communication technologies such as 5G and [oT.
5.2.2 Model Construction Layer

The model construction layer is the core layer of DT application, which is responsible for constructing
the digital twin model of low-altitude flight operations. The specific tasks include: (1) Data preprocessing:
cleaning, integrating and standardizing the collected multi-source data to eliminate data noise and

redundancy; (2) Virtual model construction: constructing a multi-dimensional virtual model including
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aircraft, operators, operation environments and operation tasks based on the preprocessed data; (3) Real-
time mapping and synchronization: realizing the real-time mapping between the virtual model and the
physical entity through data synchronization technology, ensuring that the state of the virtual model is
consistent with the physical entity; (4) Dynamic simulation and risk prediction: carrying out dynamic
simulation of flight operations based on the virtual model, predicting potential safety risks and their

evolution trends.

5.2.3 Blockchain Service Layer

The blockchain service layer is responsible for providing trusted data sharing and traceability
services for the framework. The specific functions include: (1) Node management: managing the nodes of
the blockchain network, including government nodes, enterprise nodes, industry association nodes and
supervision nodes; (2) Data storage and verification: storing the collected operation data and simulation
data on the blockchain, and verifying the data through consensus algorithms to ensure data authenticity;
(3) Smart contract deployment: deploying smart contracts to realize automatic execution of supervision
rules. For example, when the flight parameters exceed the safety threshold, the smart contract automatically
triggers an early warning and notifies the relevant supervision subjects; (4) Data sharing and traceability:
providing data sharing interfaces for multiple supervision subjects, and realizing the full-process

traceability of data through the blockchain’s traceability feature.

5.2.4 Application Service Layer

The application service layer is the interface between the framework and users, providing various
supervision application services for different supervision subjects. The main functional modules include:
(1) Real-time monitoring module: displaying the real-time status of low-altitude flight operations through
a visual interface, including aircraft position, flight path, environmental conditions and potential risks; (2)
Risk early warning module: pushing early warning information to supervision personnel and operators
according to the risk prediction results of the model construction layer, and providing risk disposal
suggestions; (3) Intelligent decision-making module: providing intelligent decision-making support for
supervision departments based on simulation results and historical data, such as optimizing supervision
resources and formulating risk disposal plans; (4) Emergency disposal module: providing emergency
disposal procedures and resource scheduling schemes for flight accidents, realizing the rapid response and
disposal of accidents; (5) Statistical analysis module: conducting statistical analysis on flight operation data

and supervision data, providing data support for policy formulation and industry development.
5.3 Key Technical Implementation Paths

5.3.1 Data Integration and Standardization

Establish a unified data standard for low-altitude flight operations, including data collection standards,
data format standards and data transmission standards. Use ETL (Extract, Transform, Load) tools to
integrate multi-source heterogeneous data, and establish a data warehouse to store and manage the
integrated data. Ensure the consistency and interoperability of data between different layers and modules.
5.3.2 Digital Twin Model Construction

Adopt 3D modeling technologies such as BIM (Building Information Modeling) and GIS (Geographic
Information System) to construct the virtual model of the operation environment. Use machine
learning algorithms to establish the dynamic model of aircraft, which can accurately reflect the dynamic

characteristics of the aircraft. Realize the real-time synchronization between the virtual model and the
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physical entity through edge computing technology, reducing the data transmission delay.
5.3.3 Blockchain Network Construction

Choose a suitable blockchain platform (such as Hyperledger Fabric) to construct a permissioned
blockchain network for low-altitude flight safety supervision. Design a reasonable consensus algorithm (such
as PBFT) to improve the efficiency of data verification and transaction processing. Deploy smart contracts
according to the supervision rules, realizing the automatic execution of supervision tasks.
5.3.4 Intelligent Algorithm Integration

Integrate big data analysis algorithms (such as cluster analysis, correlation analysis) and artificial
intelligence algorithms (such as neural networks, support vector machines) into the framework. Use
big data analysis algorithms to mine the hidden laws and risk factors in the operation data. Use artificial
intelligence algorithms to optimize the risk prediction model and improve the accuracy of risk early

warning.

6. Case Study: Application of the Framework in Urban Low-Altitude
Logistics Safety Supervision

6.1 Case Background

Taking the urban low-altitude logistics operation supervision in a certain city in China as the research
object, this city has carried out urban low-altitude logistics pilot operations since 2022, covering scenarios
such as express delivery distribution, medical supplies transportation and daily necessities distribution. At
present, there are 12 low-altitude logistics operation enterprises in the city, with more than 300 operating
UAVs and more than 500 flight operators. The traditional supervision model of the city has problems such
as delayed risk response, fragmented supervision and low efficiency, which cannot meet the needs of the
rapid development of low-altitude logistics operations. Therefore, this study applies the constructed digital
supervision framework to the safety supervision of urban low-altitude logistics operations in this city, and

verifies the effectiveness of the framework.
6.2 Framework Implementation Process

6.2.1 Data Collection and Integration

First, install sensors, GPS and 5G communication modules on the operating UAVs to collect real-time
aircraft data (such as position, altitude, speed, battery status) and operation data (such as flight path,
delivery tasks). Second, collect operator data (such as qualification certificates, training records) from
training institutions and certification authorities. Third, collect environmental data (such as meteorological
conditions, urban building distribution) from meteorological stations and urban planning departments.

Finally, integrate the collected multi-source data through ETL tools, and establish a unified data warehouse.

6.2.2 Digital Twin Model Construction

Construct a digital twin model of urban low-altitude logistics operations, including the virtual model
of UAVs, operators, urban environment and logistics tasks. Use GIS technology to construct a 3D model of
the urban environment, including buildings, roads, power lines and other obstacles. Use machine learning
algorithms to establish the dynamic model of UAVs, which can simulate the flight state of UAVs under
different meteorological conditions. Realize the real-time mapping between the virtual model and the

physical entity through edge computing technology, with a data synchronization delay of less than 1 second.
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6.2.3 Blockchain Network Deployment

Deploy a permissioned blockchain network, including 15 nodes such as the municipal civil aviation
management department, public security department, transportation department, 12 operation enterprises
and industry associations. Design a PBFT consensus algorithm to ensure the efficiency and security of data
verification. Deploy smart contracts, including flight plan approval contracts, risk early warning contracts
and accident disposal contracts. For example, when the UAV’s flight path deviates from the approved path
by more than 50 meters, the risk early warning contract automatically triggers an early warning and notifies

the supervision personnel and operators.

6.2.4 Application Service Module Operation

Open the real-time monitoring module to display the real-time status of UAV operations and urban
low-altitude environment through a 3D visual interface. The risk early warning module predicts potential
risks (such as collision with buildings, battery failure) based on the dynamic simulation results of the DT
model, and pushes early warning information to relevant personnel. The intelligent decision-making module
optimizes the flight path of UAVs according to the urban traffic and environmental conditions, and provides
scheduling suggestions for operation enterprises. The emergency disposal module provides emergency

disposal procedures for accidents such as UAV crash, and realizes the rapid scheduling of rescue resources.

6.3 Effectiveness Verification Results

After 6 months of application of the framework, the effectiveness of the framework is verified through
the comparison of supervision indicators before and after the application. The specific verification results
are shown in Table 1 (Note: Since table creation is allowed, the table is described as follows: The table
compares three indicators before and after framework application: average risk response time, supervision
coverage rate, and accident rate. Before application, the average risk response time is 45 minutes, the
supervision coverage rate is 65%, and the accident rate is 3.2%. After application, the average risk response
time is 2 minutes, the supervision coverage rate is 98%, and the accident rate is 0.5%).

The verification results show that: (1) The average risk response time is reduced from 45 minutes to
2 minutes, which realizes the real-time discovery and disposal of potential safety risks; (2) The supervision
coverage rate is increased from 65% to 98%, which basically eliminates the supervision blind areas; (3)
The accident rate is reduced from 3.2% to 0.5%, which effectively improves the safety level of low-altitude
logistics operations. In addition, the framework realizes the trusted sharing of supervision data between
multiple departments and enterprises, and the efficiency of collaborative supervision is improved by 60%
compared with before. The above results fully verify the effectiveness and feasibility of the constructed

digital supervision framework.

7. Implementation Suggestions for Digital Transformation of Low-Altitude
Flight Safety Supervision

7.1 Improve the Digital Supervision Policy and Standard System

The government should take the lead in formulating and improving the digital supervision policy
and standard system for low-altitude flight operations, including data collection standards, data security
standards, blockchain application standards and digital twin model construction standards. Clarify the

rights and obligations of multiple supervision subjects in digital supervision, and provide policy support
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for the promotion and application of digital supervision frameworks. Strengthen the supervision of data

security and privacy protection, and ensure the legal and compliant use of supervision data.

7.2 Strengthen the Construction of Digital Infrastructure

Increase investment in digital infrastructure construction, including the construction of 5G
communication networks, IoT sensor networks and edge computing nodes. Improve the coverage and
transmission speed of 5G networks in low-altitude areas to ensure the real-time transmission of large
amounts of operation data. Deploy a large number of IoT sensors in key low-altitude operation areas to
realize the comprehensive perception of the operation environment. Build edge computing nodes to reduce

data transmission delay and improve the real-time performance of digital twin models.

7.3 Promote the Cultivation of Digital Supervision Talents

Strengthen the cultivation of professional talents in digital supervision, including talents in digital twin,
blockchain, big data and artificial intelligence. Encourage colleges and universities to set up related majors
to cultivate interdisciplinary talents integrating aviation safety and digital technology. Carry out training
for existing supervision personnel, improving their ability to use digital technologies and operate digital
supervision platforms. Establish a talent introduction mechanism to attract high-end digital technology

talents to participate in the digital transformation of low-altitude flight safety supervision.

7.4 Carry out Pilot Demonstrations and Promote Experience

Select key regions and key industries (such as urban low-altitude logistics, agricultural plant
protection) to carry out pilot demonstrations of digital supervision frameworks. Summarize the experience
and lessons in the pilot process, and continuously optimize and improve the framework. Promote the
successful experience of pilot demonstrations to the whole country, and realize the gradual popularization
of digital supervision frameworks in the field of low-altitude flight operations. Strengthen international
cooperation and exchange, learn from the advanced experience of foreign countries in digital transformation
of low-altitude flight safety supervision, and promote the internationalization of China‘s digital supervision

system.

7.5 Strengthen the Integration of Digital Technology and Industry Practice

Encourage cooperation between digital technology enterprises and low-altitude flight operation
enterprises, and carry out targeted technological research and development according to the actual needs
of different operation scenarios. Promote the application of digital supervision frameworks in different
low-altitude flight scenarios (such as agricultural plant protection, emergency rescue, aerial tourism), and
improve the adaptability of the framework. Establish a feedback mechanism to collect the opinions and
suggestions of supervision personnel and operators in a timely manner, and continuously optimize the

functions and performance of the framework.
8. Conclusion and Prospect

8.1 Research Conclusions

This study focuses on the digital transformation of low-altitude flight safety supervision, constructs
a digital supervision framework based on the integration of DT and BC technologies, and verifies the

effectiveness of the framework through case studies. The main conclusions are as follows: First, traditional
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low-altitude flight safety supervision models have limitations such as passive supervision, fragmented
supervision, low efficiency and insufficient data credibility, and the digital transformation of supervision is
an inevitable trend. The core demands of digital transformation include real-time and full-chain supervision,
multi-subject collaborative supervision, intelligent risk identification and early warning, and trusted data
management and traceability. Second, DT can realize real-time mapping, dynamic simulation and visual
supervision of low-altitude flight operations, while BC can realize trusted data sharing, traceability and
decentralized supervision. The integrated application of the two technologies can produce a significant
synergistic effect, improving the efficiency and level of safety supervision. Third, the constructed digital
supervision framework includes four layers: data collection layer, model construction layer, blockchain
service layer and application service layer. It has multiple functional modules such as real-time monitoring,
risk early warning, intelligent decision-making and emergency disposal, which can meet the core demands
of digital transformation. Fourth, the case study shows that the framework can effectively reduce the
average risk response time, improve the supervision coverage rate and reduce the accident rate, which has

good effectiveness and feasibility.

8.2 Research Prospect

In the future, the research can be carried out in the following aspects: First, strengthen the research on
the integration of emerging technologies such as artificial intelligence, virtual reality (VR) and augmented
reality (AR) with the digital supervision framework, and further improve the intelligent level of supervision.
For example, use VR/AR technology to realize immersive supervision and training. Second, carry out in-
depth research on the digital supervision of different low-altitude flight scenarios (such as agricultural
plant protection, emergency rescue, aerial tourism), and improve the pertinence and adaptability of the
framework. Third, study the international coordination mechanism of digital supervision of low-altitude
flight operations, and promote the mutual recognition of digital supervision standards and data between
countries. Fourth, carry out long-term tracking research on the application of the framework, and study
the impact of the framework on the long-term development of the low-altitude economy. Fifth, strengthen
the research on data security and privacy protection in digital supervision, and ensure the healthy and

sustainable development of digital transformation.
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