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ABSTRACT

To manage disasters and respond to emergencies intelligently, reliably and in real-time, to reduce the damage caused by natural
and man-made disasters, it is necessary to have solutions. The traditional monitoring methods have problems with coverage,
latency and decision-making power. In this paper, an intelligent and novel approach to disaster monitoring and emergency
response using a Digital Twin (DT) Enabled Unmanned Aerial Vehicles (UAV) Internet of Things (IoT) Architecture is
presented. The proposed framework will combine the UAV, IoT and DT technology to produce an integrated virtual simulation
of disaster environment. UAVs gather aerial data while IoT sensors are constantly measuring various environmental factors and
sending real-time data to the Digital Twin platform. Advanced analytic and smart processing technology are used to identify
disaster events, assess risk levels and provide prompt decision making. The Digital Twin model can support the continuous
monitoring, predictive analysis and efficient resource allocation of the emergency management process. In terms of disaster
detection, the proposed model offered an accuracy rate of 97%, which is much better than that of Convolution Neural Networks
(CNN) based approach (85%), IoT-based approach (88%), and UAV-based approach (91%). With regards to network coverage,
the proposed DT-UAV-IoT framework demonstrated 98% accuracy, while other models had 60%, 75%, and 88% coverage rates
correspondingly. The proposed architecture aims to address these challenges by ensuring a scalable and reliable system that
boosts situational awareness, minimises operational delays, and facilitates prompt and efficient emergency response in dynamic

disaster environments.
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1. INTRODUCTION

Human life, infrastructure, and the environment suffer great
losses and damages during natural and man-made disasters,
including floods, earthquakes, wildfires, hurricanes, and
industrial accidents [1]. The consequences of these events
have become more frequent and intense due to fast
urbanization and climate change, which has led to greater need
for innovative disaster monitoring and emergency response
systems [2]. The traditional disaster management methods are
mostly based on manual inspection and static monitoring
infrastructure, which might have limited monitoring area, slow
information feedback and wasteful decision making in critical
moments [3]. Thus, intelligent technologies which can offer
real-time situational awareness and quick response have
become indispensable for effective disaster management [4].

IoT and UAVs are now becoming popular technologies for
applications related to disaster monitoring [5]. The
environmental data sensors continuously gather data like
temperature, humidity, air quality, water levels or structural
conditions, and the UAVs conduct aerial surveillance and
quick data collection of impacted areas [6]. The sheer quantity
of diverse data these devices generate, however, creates
problems of data processing, analysis and coordination [7].
Additionally, dynamic disaster environments need continuous
monitoring and adaptive decision-making mechanisms for
efficient emergency response operations [8].

Digital Twin technology is one tool that can help solve these
challenges by building a virtual copy of these physical systems
that is always updated with real-world data [9]. The
combination of Digital Twin models, UAV and IloT
infrastructure can help monitor and manage disaster-prone
areas in real time, predict potential risks, optimize resource
allocation and aid in intelligent decision making [10]. By
creating the Digital Twin environment, the disaster can be
visualized, disaster response strategies can be evaluated, and
disaster operation efficiency can be improved through
information.

1.1 Hypothesis

H1: The UAV-IoT architecture utilizing digital twin
technology helps increase disaster detection accuracy.

H2: Real-time synchronization of physical and virtual worlds
decreases response time.

H3: Using UAVs and IoT increases network coverage and
reliability.

H4: Digital Twin analytics decrease processing latency.

HS: Smart resource allocation increases efficiency and alert
success rate.
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1.2 Research Objectives

This research objectives are

1. To design a UAV-IoT system based on Digital Twin
technology for intelligent disaster monitoring and
response.

2. To integrate UAV aerial sensing and IoT sensors to
gather environmental and disaster information in real
time.

3. To design a Digital Twin system that will
continuously synchronize and analyze disasters in the
form of prediction.

4. To design an emergency response mechanism for
immediate alert creation and resource allocation.

2. LITERATURE SURVEY

The integration of Digital Twin technology with UAV-loT
systems has become crucial in recent times to enhance
situational awareness and the effectiveness of emergency
responses. Zhou, Leng, and Quek [1] have given a hierarchical
digital twin enhanced cooperative sensing framework for
UAV swarms. Their study showed that the use of digital
replicas of real environments can enhance data collection
accuracy and coordination of UAVSs. The research focused on
real-time synchronization of virtual and physical systems,
which would allow efficient monitoring of dynamic situations
during disasters. The authors concluded that the use of Digital
Twin technology has great potential to improve the reliability
of Sensing and Decision-making in UAV networks.

UAV-assisted 10T networks are now being identified as viable
means for post disaster communication and monitoring. Raivi
and Moh [2] proposed a combination of data aggregation and
computation offloading mechanism to support UAV-
supported disaster 10T systems. Their work was devoted to the
optimization of data transmission and to reduction of
processing time delays by intelligent allocation of tasks. The
proposed model enhanced the utilization of the resources and
the reliability of the communication system in emergency
situations. The study proved that the UAV-IoT integration is
capable of assisting the rapid disaster assessment and rescue.

Digital Twin technology brings advanced computational
intelligence to UAV networks for applications in emergency
management. Yahya, Naeem, Kaleem and Alenezi [3]
designed a robust multi-criterion offloading mechanism for
digital twin assisted UAV networks. They focused on issues
of reducing latency and optimizing energy usage in disaster
monitoring systems. The envisioned framework was based on
real-time environmental data to develop virtual replicas for
predictive analysis. The authors indicated that there were
significant enhancements in the efficiency of systems and
disaster response performance.

Regaining contact and ensuring data security is a key element
of disaster response systems. Pauu et al. [4] designed a
federated learning framework with UAV networks using
blockchain for disaster management applications. They built

upon the ideas of a Digital Twin and decentralized
intelligence, ensuring the secure exchange of information. The
system provided improved data security and enabled prompt
decision making during emergencies. Experimental results
demonstrated the improved reliability of communication and
effectiveness of disaster response.

Digital Twin technology has emerged as a game-changer in
the world of intelligent emergency management. Tao, Zhang
and Cheng [5] provided a comprehensive review of Digital
Twin technologies for smart emergency management. They
pointed out the importance of virtual models in predicting the
evolution of disasters and providing support for real-time
decision-making. The authors emphasized that Digital Twin
platforms can play a significant role in enhancing emergency
preparedness and operational efficiency. Their results laid the
groundwork for UAV-10T system integration in Digital Twin
environments. The limitations of the traditional models are

included in Table 1.

Table 1: Limitations of Traditional Models
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r(s) & | d Model m/ Used ns
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e Used
Zhou Hierarch | Hierarchic | Simulated | High
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(2024) | Digital- | Twin swarm onal
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Enhance | e with data and Y,
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Sensing | time overhead,
Framew | synchroni scalability
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UAV mechanis large
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swarms,
dependenc
eon
accurate
synchroni
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and Joint Aggregati | post- ce
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Computa | Offloadin | cation dynamic
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Offloadi | (JDACO) | and UAV | nts,
ng for optimizati | network limited
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2.1 Problem Statement

Disasters that happen due to natural and artificial causes such
as floods, earthquakes, wildfires, landslides, and industry-
related accidents cause harm to humans and their surroundings
[11]. The conventional methods used to monitor these
disasters depend mostly on sensor infrastructure, manual
inspection, and communication infrastructure [12], which
have several limitations such as narrow coverage range [13],
slow data processing speed, less awareness about the
surrounding, and low efficiency in resource management [14].
Furthermore, the dynamic environment during disasters
requires real-time monitoring and decision making [15].

Though latest developments in UAVs, loT devices, and
Digital Twin technology have contributed to enhancing

individual capabilities in disaster management [16], the
existing solutions are mainly focused on certain functions [17],
such as data acquisition, computation offloading, or
communication [18]. However, they do not offer a unified
framework for continuous synchronization between the
physical disaster environment and its Digital Twin model for
analysis and intelligent emergency response [19]. The existing
systems are facing problems associated with communication
latency, limited coverage, delayed alert generation, and poor
distribution of rescue resources [20].

Thus, there is a requirement of an intelligent and scalable
disaster management framework that will integrate UAVS, loT
devices, and Digital Twin technology and would be able to
perform continuous environmental monitoring, disaster
detection, predictive analysis, real-time decision-making, and
efficient emergency response.

3. PROPOSED MODEL

The proposed Digital Twin Enabled UAV-IoT Architecture is
designed to use UAVs, loT devices, Artificial Intelligence
(Al), and Digital Twin technology to deliver real-time disaster
monitoring and emergency response support. In normal
disasters like floods, earthquake, wildfire and landslides,
ground infrastructure can be unavailable or damaged [21].
Sensors and communication modules on the UAVs are
constantly gathering environmental and situational data from
affected areas [22]. The gathered data is then sent to the Digital
twin platform and transformed into a virtual environment of
the disaster in real time for analysis and decision-making [23].

The architecture can be divided into four main layers: loT
sensing layer, UAV communication layer, Digital Twin
processing layer, and Emergency Response layer. The loT
sensors are installed in disaster-prone areas and track
temperature, humidity, gas concentrations, water levels,
structural vibrations and human activity. UAVs can be seen as
aerial gateways which collect sensor information and transmit
them to edge servers and cloud platforms. The Digital Twin is
constantly updated with real-time data to simulate disaster
development, infrastructure conditions and rescue efforts.

Digital Twin embedded Artificial Intelligence algorithms
process incoming flow of data to forecast the extent of the
disaster, affected areas, and the resources needed [24]. The
system adapts UAV resources dynamically, optimizes UAV
flight trajectories and determines safe evacuation routes [25].
Real-time synchronisation between physical and virtual
environments allows emergency responders to get a true
picture of the situation and enable them to make informed
decisions in the fast-changing disaster environment [26].

The proposed system improves the accuracy of monitoring,
reliability of communication, rapidness of response and use of
resources over traditional disaster management systems. By
providing up-to-date information, Continuous Digital Twin
enables authorities to simulate various disaster scenarios and
consider alternative disaster response strategies before
deployment. The proposed model architecture is shown in
Figure 1.
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Fig 1: Proposed Model Architecture

The architecture facilitates the realization of disaster
management operations that are scalable, autonomous and
intelligent, thereby better public safety and minimized disaster
impact.

Dt = §V=l Si (t) (1)

Here D_trepresents the total disaster data that is gathered at
timet, and S_i (t)is the sensor reading from the i“thloT device.
This equation is an estimate of the cumulative environmental
information obtained by the distributed sensing nodes.
Accurate data acquisition helps disaster conditions to be
monitored effectively, and enhances Digital Twin
synchronization. The more the sensor covers, the better the
situational awareness and the accuracy of the disaster
prediction.

T = Blog(1 + SNR), (2)

Tis is the communication throughput, Bis is channel
bandwidth, and SNRIis signal to noise ratio. This equation
determines the amount of information transmitted between
UAVs and ground stations. High throughput means the
efficient transfer of disaster-related information. Effective
communication enhances the efficiency and coordination of
rescue efforts and monitoring systems.

EDT :| Xp - Xv | (3)

Given X_pre = physical system state and X_vre = virtual
Digital Twin state. The amount of inaccuracy between the
actual world environment and the Digital Twin model. The
lower the synchronization error, the closer the model is to the
actual disaster, which further shows the accuracy of the model.
Continuous updates help maintain real-time consistency.

E=Pxt (4)

Where Eis energy consumption, Pis UAV power consumption,
and tis operation time. This equation is an estimation of the
energy needs for the monitoring mission of an UAV. The
effective use of energy extends flight time and disaster
coverage of UAVs. To maximize the effectiveness of the
missions, energy-aware scheduling is conducted.

Wi F+WoT+W3 G
Wi +Wo+W3

DSI = (%)

Frepresents the flood level, T the intensity of the temperature,
G the gas concentration, and W_1,W_2W_3 the weighting
factors. The severity index is a quantifying of the overall
disaster impact, considering many environmental parameters.
The higher the value the more critical the emergency
conditions. This is a figure that helps government officials to
prioritize rescue efforts.

n= Dprocessed X 100 (6)

Dreceived

n represents system efficiency, D processed is was
successfully processed data of disaster, and D_received is was
total received data. This equation assesses the performance of
the disaster monitoring framework with Digital Twin. The
higher the efficiency, the better the data is being processed and
resources are heing used. It is a measure of the overall
capability of the proposed architecture.

Algorithm: Input: UAV sensor data, loT device data,
environment parameters, disaster pictures,
communication status

1. Benefits: Real-time disaster monitoring, Digital Twin
updates, emergency alerts, and optimized response
actions

2. Step 1: Data Collection

Collect real-time data from UAYV sensors, cameras and
monitoring systems.

Collect the data from the distributed 10T devices related
to the environment and the disaster.

3. Step 2: Data Preprocessing

Trim out noise and nonessential data and incomplete
readings from the sensors.

Normalise and structure collected data to be processed by
Digital Twin.

4. Step-3: Create a Digital Twin Model

Create a virtual picture of the disaster area.
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Ongoing, update physical UAV-10T data to the Digital
Twin model.

5. Step-4: Disaster Detection and Analysis.

Perform intelligent detection of the data from the sensor
and image.

6. Determine the type, intensity and affected areas of the
disaster.

7. Step-5: Real-time monitoring and prediction.

Follow disaster development on the Digital Twin
platform.

Forecast disaster situation and risk areas by means of
simulation models.

8. Step-6: Ensure that the system is optimized for
emergency response.

Plan routes and resource allocations for optimal UAV
performance.

Create alerts and instructions for rescue teams in the
event of an emergency.

9. Step-7: Decide on a system update and a decision
support.

Update Digital Twin model with the new information
from the UAV-IoT.

10. Make constant decision support available for effective
disaster management and disaster recovery operations.

4. RESULTS AND DISCUSSIONS

The experimental results shows the effectiveness of the
proposed Digital Twin Enabled UAV-loT Architecture to
improve the disaster monitoring and emergency response
capability. The system combines the advantages of UAV
sensing technology, 10T communication, and Digital Twin
technology, enabling it to outperform traditional systems in
disaster detection, response speed, network coverage, data
processing, alert delivery, and resource management. Real-
time synchronization allows for continuous monitoring and
accurate decision-making during critical situations. The
framework has been effective in minimizing operational
delays and enhancing situational awareness and emergency
coordination.
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Fig 2: Disaster Detection Accuracy Comparison

The effectiveness of the disaster detection for various
monitoring methods is shown in Figure 2. The proposed
Digital Twin Enabled UAV-loT architecture achieves 97%
accuracy, which is higher than the accuracy of the
conventional CNN, loT and UAV based approaches. The
combination of UAV sensing in real time, 10T data collection
and Digital Twin analytics greatly enhances detection
performance. Proper identification of the disaster events
allows prompt disaster response. The results show the
effectiveness of the proposed framework in intelligent disaster
monitoring applications.
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Fig 3: Response Time Analysis of Different Models
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A comparison of the response time of different disaster
response models is depicted in Figure 3. The proposed system
is capable of providing response time of 4 seconds and
detection accuracy of 97%. Digital Twin technology creates a
continuous synchronization of physical and virtual spaces,
resulting in fast processing and decision-making. The
quickness of response is one of the key points taken into
account to lessen the impact of disaster and enhance the resuce
operations. Results show that the proposed architecture works
out to be faster during emergency response time than other
approaches.
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Fig 4: UAV-loT Network Coverage Performance
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The network coverage performance of various monitoring
systems are illustrated in Figure 4. The proposed Digital Twin
Enabled UAV-loT framework can provide 98% of coverage
and 97% of accuracy for disaster detection. The combination
of UAVs and loT devices is enabling comprehensive
monitoring from the air and on the ground. The overall system
design provides reliable communication and data collection to
large scale disaster prone area. Improved coverage helps
improve situational awareness and emergency management.
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Fig 5: Data Processing Latency Comparison
Analyses the time required for disaster information to be
processed by various disaster monitoring methods is shown in
Figure 5. The proposed model is accurate with 97% accuracy
and has a latency of 50ms. Digital Twin environment
efficiently receives and analyzes UAV and loT data in real-
time.
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Fig 6: Emergency Alert Success Rate
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Figure 6 describes the effectiveness of emergency notification
systems. The proposed architecture was able to detect a
disaster with an accuracy of 97% and alert users to that disaster
with 99% success rate. The combination of UAV
communication networks and 10T infrastructure guarantees
effective warning dissemination.

-
oy
F B
g B0
.
0
65 1
Traditional !;;T LAy o U.-'-;.\l' 1T
Systems
Fig 7: Resource Utilization Efficiency of the Proposed
System

Exhibits the efficiency of resource utilization of different
disaster monitoring methods is depicted in Figure 7. The

proposed Digital Twin Enabled UAV-IoT system achieves an
efficient accuracy rate of 97% and high efficiency of 96%.
Intelligent resource allocation and real-time Digital Twin
optimization ~ minimizes  the  computational  and
communication overhead. The effective use of UAVS, sensors
and network resources improves overall system performance.
The results show the architecture proposed provides high
operational efficiency for disaster management applications.
The Table 2 summarizes the overall performance across all
major evaluation metrics.
Table 2: Evaluation Metrics

CNN- | loT- UAV- ProposedDT
Performanc | Based | Based | Based U Ap\/-IoT
e Metric Syste Syste Syste S

ystem

m m m
Disaster
Rete"“"” 85 88 o1 97
ccuracy
(%)

Response

Time (sec) 12 10 8 4
Network

Coverage 60 75 88 98
(%)

Processing | 155 | 120 | 90 50
Latency (ms)

Emergency

Alert

Success Rate 8 84 9 9
(%)

Resource

Utilization

Efficiency 65 75 85 96
(%)

4.1 Discussions

The results show that the proposed Digital Twin Enabled
UAV-IoT Architecture has better performance than the
traditional approach to disaster monitoring and emergency
response. By integrating UAVs, 10T devices, and Digital Twin
technology, the system enables real-time data collection,
continuous environmental monitoring, and intelligent
decision-making. The architecture enhances the capacity to
detect the disaster, wider network coverage and faster
response, and reliable delivery of the warning during disaster.
In addition, Digital Twin model can aid in the efficient
management of resources and predictive analysis, enabling
emergency response teams to better handle the changing
contexts of disasters. Overall, the results obtained validate the
proposed framework as a strong scalable and intelligent
solution for today's disaster management applications, which
provide greater reliability, responsiveness and adaptability in
critical disaster situations.

4.2 Time Complexity Analysis

In the suggested Digital Twin Enabled UAV-10T Framework,
there is a sequence of tasks including data acquisition, data
pre-processing, Digital Twin synchronization, disaster
detection, prediction, and emergency response optimization.
Let us assume that (N) stands for the number of 10T sensors,
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(M) is the number of UAV nodes, and (K) is the number of
disaster images acquired. In the case of data acquisition, the
data is gathered in linear complexity O(N+M). The process of
data pre-processing involves noise reduction and data
normalization of all gathered data, which implies O(N) time
complexity. The disaster analysis using the data from images
and sensors includes traversing image features and sensor
measurements, which corresponds to time complexity of
O(K+N). As for the Digital Twin synchronization, the process
is responsible for updating virtual models based on data flow,
which means O(N+M). The route optimization and resources
management among UAVs have O(M?) time complexity due
to pairwise comparisons and paths calculation. Thus, the total
time complexity of the proposed system is approximately
O(N+K+M?),

4.3 Computational Complexity Analysis

Computational complexity in the designed architecture mainly
lies in real-time data processing and Digital Twin creation.
Sensor fusion as well as extraction of environmental
parameters involve linear computational effort proportional to
the number of sensors and UAVs. The Digital Twin creates
constant mapping from physical to virtual models along with
prediction and simulation, which increases demands on
memory and processing capacity. The processes of image
analysis and disaster detection involve further computational
effort since several image sequences and sensor streams need
to be processed at once. In addition to that, the process of
emergency response optimization and route calculation
involves recalculation of the optimal UAV path and resource
distribution, which also increases computational complexity
of the framework. Thus, the complexity of computational
process can be represented in form of O(N+K+Mz2), where N
is the amount of loT devices, K is the amount of image
samples and M is the amount of UAVs. Despite all of that, the
framework guarantees effective disaster monitoring and fast
response.

4.4 Limitations of the Proposed Model

Despite delivering high performance results, the Digital Twin
Enabled UAV-10T model has some limitations as well. Firstly,
there is the problem of the synchronization between the
physical world and Digital Twin model in real time that
consumes lots of computation power and memory. Secondly,
the scalability of the suggested model becomes problematic
when the amount of UAVs and loT devices grows, which
causes increased latency and complexity of the
communication process. Thirdly, the suggested system is very
dependent on the wireless communication that can be
negatively affected by network problems and signal
interference at the time of extreme disasters. Fourthly, the
UAVs’ limited energy and battery lifetime will limit
monitoring operations in the large geographic area. Moreover,
the accuracy of predictions in the Digital Twin model is highly
dependent on the accuracy and availability of data coming
from sensors and cameras. Finally, the suggested model does
not use any distributed computation or advanced cybersecurity
tools like blockchain technology and federated learning.

5. CONCLUSION

The suggested Digital Twin Enabled UAV-10T Architecture
can offer an effective and intelligent architecture for disaster
monitoring and emergency response applications. The system
combines UAVS, 10T devices and Digital Twin technology,
providing users with real-time environmental observation,
continuous data exchange, and accurate virtual disaster
scenarios. Architecture improves situational awareness and
aids in timely decision making during critical events. The
synchronization of the aerial monitoring platform and ground-
based sensing instrument enhances the reliability and
efficiency of disaster management operations. In regard to
disaster identification, the accuracy level reached by the
suggested model was equal to 97% and outperformed CNN
approach (85%), loT approach (88%) and UAV approach
(91%). As for network coverage, the accuracy level attained
by DT-UAV-loT framework was equal to 98%, whereas other
models reached only 60%, 75%, and 88%. In conclusion, the
proposed system highlights the capabilities of integrating
Digital Twin technology with UAV-IoT networks to develop
a smart, resilient, and sustainable disaster management
system. Future enhancements could involve integrating more
sophisticated Al capabilities, edge computing, and
communication technologies to further boost system
performance and real-time responsiveness.
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