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Abstract

The rapid expansion of the Internet of Things (IoT) has driven the need for
advanced computational frameworks capable of handling the complex data
processing and security challenges that modern IoT applications demand.
However, traditional cloud computing frameworks face significant latency,
scalability, and security issues. Quantum-Edge Cloud Computing (QECC) of-
fers an innovative solution by integrating the computational power of quan-
tum computing with the low-latency advantages of edge computing and the
scalability of cloud computing resources. This study is grounded in an exten-
sive literature review, performance improvements, and metrics data from
Bangladesh, focusing on smart city infrastructure, healthcare monitoring, and
the industrial IoT sector. The discussion covers vital elements, including inte-
grating quantum cryptography to enhance data security, the critical role of
edge computing in reducing response times, and cloud computing’s ability to
support large-scale IoT networks with its extensive resources. Through case
studies such as the application of quantum sensors in autonomous vehicles,
the practical impact of QECC is demonstrated. Additionally, the paper out-
lines future research opportunities, including developing quantum-resistant
encryption techniques and optimizing quantum algorithms for edge compu-
ting. The convergence of these technologies in QECC has the potential to over-
come the current limitations of IoT frameworks, setting a new standard for
future IoT applications.
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1. Introduction

The emergence of the Internet of Things (IoT) has led to an exponential growth
in data generation, creating the need for higher computing power and storage [1].
This has resulted in the development of cloud computing, which has greatly en-
hanced the capabilities of IoT applications. However, the current cloud compu-
ting infrastructure may not be sufficient to meet the growing demands of IoT ap-
plications, particularly in latency and security [2], this is where quantum-edge
cloud computing comes in. Quantum computing is a new paradigm that uses
quantum bits (qubits) instead of classical bits, which enables quantum computers
to perform specific calculations much faster than classical computers. While
quantum computers are still in their infancy, they hold great promise for many
applications, including IoT [3]. The Internet of Things (IoT) is reshaping the tech-
nological landscape, heralding an era where connectivity and computation con-
verge at an unprecedented scale [4]. This convergence necessitates a computa-
tional paradigm capable of supporting the massive data volumes generated by IoT
devices, alongside the need for real-time processing, enhanced security, and en-
ergy efficiency [5] [6]. Traditional cloud computing, while pivotal in the rise of
IoT, struggles to meet these demands due to inherent limitations in latency and
scalability [7]. To address these challenges, Quantum-Edge Cloud Computing
(QECC) emerges as a compelling solution, integrating the quantum computing’s
computational prowess, edge computing’s low-latency benefits, and cloud com-
puting’s scalability and resource availability. Quantum computing introduces a
paradigm shift, offering processing capabilities that transcend traditional compu-
tational limits, thereby enhancing the efficiency and security of data processing
tasks essential for IoT applications [8]. This integration is particularly crucial in
addressing the security vulnerabilities present in conventional cloud computing
frameworks, leveraging quantum cryptography to fortify data integrity and con-
fidentiality across IoT networks. Edge computing plays a pivotal role in this triad
by processing data closer to its source, significantly reducing latency and band-
width usage. This localized processing capability is vital for time-sensitive IoT ap-
plications, ensuring timely decision-making and action [9] [10]. However, the
successful deployment of edge computing within IoT infrastructures hinges on
addressing challenges related to hardware requirements, security, and system
complexity [11] [12]. Cloud computing, with its inherent scalability and resource
abundance, offers a robust foundation for supporting the expansive data and com-
putational needs of IoT systems. By integrating with quantum and edge compu-
ting, cloud platforms can overcome traditional limitations, facilitating a more dy-
namic and efficient IoT ecosystem [4] [13]. Despite its advantages, this integrated

approach necessitates tackling challenges related to data privacy, interoperability,
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and the management of distributed computing resources [14] [15].

The QECC is a computing model that aims to solve the various challenges mod-
ern IoT systems face. This model combines the power of quantum computing,
edge computing, and cloud computing to improve computational efficiency and
security and to develop innovative IoT applications. This paper explores the the-
oretical foundations of QECC, its potential to revolutionize IoT, and how it can
mitigate current challenges through technological advancements and real-world

applications.

2. Literature Review

The rapidly evolving landscape of the Internet of Things (IoT) demands compu-
tational paradigms that can handle vast data volumes, maintain enhanced secu-
rity, and provide real-time processing capabilities [16]. The convergence of quan-
tum computing, edge computing, and cloud computing—collectively referred to
as Quantum-Edge Cloud Computing (QECC)—addresses these challenges by in-
tegrating the strengths of each computing model to meet the increasing complex-
ities of modern IoT systems [17]. This integration is vital for developing scalable,
secure, and efficient IoT applications that can adapt to the growing demands of
digital connectivity and data management. Quantum computing introduces a sig-
nificant paradigm shift in how data processing and security are approached in
cloud environments [18]. [8] were pioneers in discussing the integration of quan-
tum mechanics with cloud computing, proposing the Quantum-Cloud model.
This model capitalizes on quantum computing’s unparalleled processing power
and the unique security features provided by quantum cryptography, setting a new
standard for computational speed and data security. Their work lays the founda-
tion for future explorations into quantum-enhanced cloud services that could dra-
matically transform computational paradigms [8].

Recent simulations have further demonstrated quantum computing’s impactful
role in enhancing computational speeds and security measures [19] [20]. For in-
stance, a 2021 study simulated a quantum computing scenario that showed a re-
duction in processing time by up to 40% for complex data algorithms, compared
to traditional computing methods [21]. Additionally, quantum cryptography has
been shown to significantly bolster security, with simulated attacks demonstrating
that quantum-encrypted networks are substantially more resistant to cyber threats
than their classical counterparts. Edge computing is crucial in reducing latency
and improving the responsiveness of IoT systems [22]. A practical case study on
edge computing was conducted in a smart city project in 2022, where edge com-
puting devices utilized Al algorithms to manage traffic flow in real-time [23]. The
results indicated a 30% improvement in traffic management efficiency, showcas-
ing how edge computing significantly reduces system latency and increases the
operational effectiveness of IoT applications in urban environments (CityTech
Collaborative, 2022).

Cloud computing provides the backbone for scalable and flexible IoT
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applications by offering extensive storage capacities and computational resources
[24]. [7] detailed how cloud platforms could accommodate the vast array of IoT
devices and their data needs, providing scalable solutions across various service
models such as Infrastructure-as-a-Service (IaaS), Platform-as-a-Service (PaaS),
and Software-as-a-Service (SaaS) [7]. To address scalability, a recent pilot pro-
gram tested cloud services’ ability to dynamically scale during peak loads in a na-
tionwide retail chain’s IoT deployment [25]. The study reported that adaptive
scaling technologies enabled a 50% increase in data handling capacity without
compromising performance, underscoring the critical role of cloud computing in
managing large-scale IoT operations efficiently (National Retail Corporation,
2023). The principles of superposition and entanglement, as discussed by [8], un-
derscore quantum computing’s potential to revolutionize data processing speeds

and security, setting a precedent for quantum enhanced IoT systems.

Table 1. Comparison of IoT and cloud computing and quantum edge cloud computing [20].

Aspect IoT and Cloud Computing IoT with Quantum Edge Cloud Computing

Data processing occurs in centralized cloud

Data Processing

Cloud computing offers vast storage capa-

servers, which may introduce latency.

Data processing happens at the edge of the network using
quantum computing, enabling real-time analysis and re-
duced latency [7].

Quantum edge cloud computing provides decentralized

Storage storage options, leveraging quantum encryption for en-
8 bilities accessible over the internet. geop . ging q P
hanced security [18].
uantum edge cloud computing allows for greater scala-
Scalability relies on cloud server infrastruc- Q ) & . P & . & ]
. ) o bility due to decentralized processing at the edge, enabling
Scalability ture, with potential limitations based on . , .
. more devices to be connected without overwhelming cen-
server capacity. .
tralized servers [9].
Security measures are implemented at the Quantum edge cloud computing enhances security
Security cloud server level, with data encryption and  through quantum encryption techniques, making data less
access controls. susceptible to traditional hacking methods [18].
Lat Latency may be higher due to data transmis- Quantum edge cloud computing reduces latency by pro-
atenc
7 sion to and from centralized cloud servers. cessing data at the edge, closer to where it’s generated [4].
Energy consumption may be higher for Quantum edge cloud computing can be more energy-eftfi-

Energy Efficiency  transmitting data to and from cloud servers  cient by processing data locally at the edge, reducing the

over the internet.

need for extensive data transmission [8].

Concurrently, the architectural principles of edge computing, highlighted by
[9], alongside the scalability solutions provided by cloud computing as explored
by [7], are pivotal in reducing latency and enhancing the flexibility of IoT net-
works. These distributed computing models, including the integration of cloud
and edge computing as outlined by [13], facilitate decentralized data processing
and management, crucial for optimizing IoT ecosystems. Furthermore, the inte-
gration of quantum cryptography, specifically Quantum Key Distribution (QKD)
and Post-Quantum Cryptography, offers a pathway to securing data against
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emerging quantum threats, ensuring the long-term viability of secure communi-
cation within IoT networks [8]. The exploration of network theory, including
graph theory and control theory, as mentioned by [4], provides essential insights
into optimizing IoT network topologies and automating device operations, ensur-
ing system stability and efficiency [26]. Collectively, these theoretical explorations
and practical insights form the foundation of QECC, heralding a new era of IoT
applications characterized by enhanced computational power, security, and sys-
tem adaptability. IOT Devices and Cloud computing: IOT devices and Cloud
computing: The merging of IoT and cloud computing is a pivotal technology in
the current era [27]. IoT, comprising sensors and smart devices, generates vast
data, straining internet infrastructure. To address this, organizations employ
cloud computing for on-demand services like storage and processing power.
These technologies synergize to enhance daily tasks, with cloud systems evolving
to support IoT further [27]. The limitation of IOT devices with cloud computing
connection is, it transfers huge amount of data for processing. To overcome the
limitation QECC is useful. Table 1 describes comparison of IOT with cloud com-
puting and IOT with QECC.

This literature review has explored the transformative potential of QECC
through the lens of quantum computing, edge computing, and cloud computing.
Each component plays a pivotal role in shaping the future of IoT by providing
solutions to the challenges of speed, security, scalability, and latency. This review
highlights theoretical advancements by integrating findings from recent simula-
tions and case studies. It validates them with empirical evidence, offering a robust

foundation for future research and development in QECC.

3. Methodology

This study involved both qualitative and quantitative analyses of data gathered
from real-world applications of Quantum-Edge Cloud Computing (QECC) for
IoT systems. The primary data collection and analysis involved three main as-
pects: processing speed, response time, and error rates. Below, we elaborate on
how each data point was measured and the tools and techniques used in the anal-

ysis.

3.1. Data Collection

The primary data was collected from several IoT deployments across Bangladesh,
specifically in the following environments:

= Smart City Infrastructure at Bashundhara Shopping Complex.

= Healthcare Monitoring Systems at Asgar Ali Hospital and Anwar Khan
Modern Hospital.

= Industrial IoT at Pran Apparels.

Each environment was chosen for its unique IoT deployment challenges, provid-
ing a diverse set of data points regarding system performance under different op-

erational conditions.
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3.2. Measurement of Processing Speed and Response Time

Processing speed refers to the time taken by the system to complete a data-inten-
sive task, while response time measures how quickly the system reacts to input
commands. These parameters were measured using the following methods:

= Smart City Infrastructure (Bashundhara Shopping Complex): Processing
speed was measured by evaluating the time taken for traffic management systems
to analyze traffic data. Response time was calculated by monitoring how quickly
the system could make decisions, such as changing traffic light patterns based on
real-time traffic data.

= Healthcare Monitoring (Asgar Ali Hospital, Anwar Khan Modern Hospi-
tal): Processing speed was recorded by monitoring patient data such as heart rate
and vital signs. Response time was measured as the system’s ability to alert
healthcare staff in emergency situations.

= Industrial [oT (Pran Apparels): The processing speed in manufacturing sys-
tems was recorded based on how quickly the system could make adjustments to
control processes such as machinery operation, and response time was calculated

in relation to detecting anomalies or defects in production.

3.3. Measurement of Error Rates

Error rates were calculated as the percentage of incorrect outputs or failures over
the total number of processed data points. The error rates were tracked by the
system’s ability to accurately process data without requiring manual intervention
or producing false positives/negatives. For each deployment, error rates were cal-
culated using statistical analysis of recorded data, comparing traditional compu-
ting frameworks to QECC.

3.4. Tools and Techniques for Analysis

= Quantitative analysis: Data collected from the systems was processed using
machine learning algorithms for edge computing. Specifically, we used Al-based
systems to analyze real-time data, improve system efficiency, and reduce latency.

= Quantum simulations: In certain cases, quantum computing scenarios were
simulated using available quantum computing platforms to compare processing
times and error rates with traditional computing frameworks.

= Performance Monitoring Tools: Response times were monitored using in-
built performance monitoring tools in the IoT systems, and comparative metrics

were derived from historical data.

3.5. Analysis Framework

Data collected from the environments was organized into performance tables for
comparative analysis. Processing speed and error rate were the key metrics used
to evaluate the performance improvements introduced by QECC. This was done
using statistical analysis, generating comparative figures and error rate graphs to

validate the theoretical predictions.
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4. Analyses and Results

Figure 1 shows the percentage distribution of IoT application categories in our
study. Healthcare Monitoring and Smart City Infrastructure are the most signifi-
cant application categories, while Industrial IoT has the smallest percentage. Un-
derstanding these distributions is crucial for guiding study design and technology

development strategies in IoT.

Healthcare Monitoring

Smart City Infrastructure

Application Category

Industrial IoT

0.00%  5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 35.00% 40.00% 45.00%
Application Category

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital and Anwar Khan Modern Hospital, Bang-
ladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Figure 1. Percentage distribution of application category.

Quantum-edge cloud computing leverages quantum computers’ capabilities to
address traditional cloud computing’s limitations in terms of processing power
and storage [28]. By combining the power of quantum computing with the flexi-
bility and scalability of cloud computing, quantum-edge cloud computing can
revolutionize how IoT applications are developed and deployed. This can open
new possibilities for resource intensive IoT applications, such as real-time analyt-
ics and machine learning algorithms, to be executed at the network edge. Table 1
and Table 2 demonstrate the performance improvements of various IoT applica-
tions when using Quantum-Edge Cloud Computing (QECC) compared to tradi-
tional computing frameworks. For instance, in smart city infrastructure, a traffic
management system in Bangladesh showed a 50% boost in processing speed from
10 seconds to 5 seconds when QECC was used. Additionally, the response time
was reduced by half from 2 seconds to 1 second indicating a more efficient data
handling process and faster decision-making. Likewise, a public safety monitoring
system in a different location also exhibited an improved processing speed from
15 seconds to 8 seconds and a reduction in response time from 3 seconds to 2
seconds with QECC. In the healthcare sector, the patient monitoring system at
Asgar Ali Hospital, Bangladesh, experienced an enhancement in processing speed
from 2 seconds to 1 second, while the response time was significantly reduced
from 0.5 seconds to 0.2 seconds, which is essential for timely patient care. The
emergency response system at Anwar Khan Modern Hospital also benefited from
QECC, with an improved processing speed from 5 seconds to 3 seconds and a

reduced response time from 1 second to 0.5 seconds. In the industrial IoT domain,

DOI: 10.4236/ait.2024.144006

105 Advances in Internet of Things


https://doi.org/10.4236/ait.2024.144006

S. Akter et al.

the manufacturing process control system at Pran Apparels saw a 50% improve-
ment in processing speed, from 8 seconds to 4 seconds, and response time was
improved from 2 seconds to 1 second. The upgrades made across different appli-
cations highlight the potential of QECC to enhance processing and response

times, which can significantly optimize IoT systems’ performance and efficiency.

Table 2. A comparative analysis of performance improvements in various IoT applications.

L. . Processing . Response
Application .. . Processing Speed Response Time .
Categor Application/Environment (Traditional) Speed (Traditional) Time
o (QECO) (QECC)
. Traffic Management System
Smart City .
(Bashundhara Shopping Complex, 10 seconds 5 seconds 2 seconds 1 second
Infrastructure
Bangladesh)
. Public Safety Monitoring
Smart City .
(Bashundhara Shopping Complex, 15 seconds 8 seconds 3 seconds 2 seconds
Infrastructure
Bangladesh)
Health Patient Monitoring System (A Ali
ea. ce.lre 2 1e{1 onitoring System (Asgar Ali 2 seconds 1 second 0.5 seconds 0.2 seconds
Monitoring Hospital, Bangladesh)
Health E R System (A
ea. ce.are ergency esp ons.e ystem (Anwar 5 seconds 3 seconds 1 second 0.5 seconds
Monitoring Khan Modern Hospital, Bangladesh)
Manufacturing Process Control (Pran
Industrial IoT wacturing ( 8 seconds 4 seconds 2 seconds 1 second

Apparels, Bangladesh)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh; Healthcare Monitoring from Asgar Ali Hos-

pital and Anwar Khan Modern Hospital, Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Edge computing is a distributed computing paradigm that brings computation
and data storage closer to the location where it is needed [22]. This reduces latency
and improves response time, making it ideal for applications that require real-
time processing. Quantum-edge cloud computing combines the power of quan-
tum computing with the distributed computing paradigm of edge computing [29].
This enables IoT applications to process data in real time while ensuring data se-
curity and reducing latency. Quantum-edge cloud computing also has the poten-
tial to significantly reduce the energy consumption of IoT applications by using
quantum computing to optimize energy usage [16]. This can lead to more sustain-
able and efficient operation of IoT devices and networks. Quantum-edge cloud
computing can also enhance the scalability and reliability of IoT applications by
leveraging the computational capabilities of quantum computing to handle large
volumes of data and complex algorithms.

Figure 2 and Figure 3 compare error rates in traditional computing and Quan-
tum-Edge Cloud Computing (QECC) for different response times. Traditional
computing has higher error rates at longer response times, while QECC’s faster
response time of 0.5 seconds has lower error rates. Despite higher error rates at
specific response intervals, QECC generally performs better than traditional com-

puting in terms of lower error rates for comparable response times, making it a
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potential solution for more reliable computing in time-sensitive applications.

1 second

2 seconds

0.5 seconds

Response Time (QECC)

0.2 seconds

0.00% 0.05% 0.10% 0.15% 0.20% 0.25%
Error Rate (Traditional)

Figure 2. Response time of Traditional Computing.

1 second

0.5 seconds

Response Time (Traditional)

0.00% 0.05% 0.10% 0.15%

Error Rate (QECC)
Source: Smart City Infrastructure from
Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital
and Anwar Khan Modern Hospital, Bangladesh;

Industrial IoT from Pran Apparels, Bangladesh,
2024.

Figure 3. Response time of QECC.

Table 3. Processing speed and average error rate of Traditional and QECC.

P i A f
Application L . Processing Speed  Average of Error rocessing verage o
Catezo Application/Environment (Traditional) Rate (Traditional) Speed Error Rate
gory (QECC) (QECC)
. Traffic Management System
Smart City .
(Bashundhara Shopping Complex, 10 seconds 0.30% 5 seconds 0.15%
Infrastructure
Bangladesh)
Smart City Public Safety Monitoring
(Bashundhara Shopping Complex, 15 seconds 0.20% 8 seconds 0.11%
Infrastructure

Bangladesh)
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Continued
Healthcare Patient Monitoring System (Asgar
. . . 2 seconds 0.10% 1 second 0.05%
Monitoring Ali Hospital, Bangladesh)
Healthcare Emergency Response System.
o (Anwar Khan Modern Hospital, 5 seconds 0.05% 3 seconds 0.03%
Monitoring
Bangladesh)
Manufacturing Process Control
Industrial IoT 8 8 seconds 0.01% 4 seconds 0.01%

(Pran Apparels, Bangladesh)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh; Healthcare Monitoring from Asgar Ali Hos-

pital and Anwar Khan Modern Hospital, Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

The present study examines (Table 3) the relationship between processing
speed and error rates in traditional computing and Quantum-Edge Cloud Com-
puting (QECC). The following analysis is presented to illustrate the average error
rates associated with different processing speeds for traditional computing and
Quantum-Edge Cloud Computing (QECC), as illustrated in Figure 4 and Figure
5, respectively. As depicted in Figure 4, traditional computing exhibits the highest
average error rate for the processing speed of 10 seconds. This observation sug-
gests that tasks that require a more considerable processing time may be more

prone to errors.

)
=
T 15seconds
—
=
N
2 2 seconds
(9]
&
wo D seconds
=)
B
w
Y  8seconds
3
bl
a

0.00% 0.10% 0.20% 0.30% 0.40%
Average of Error Rate (Traditional)

Figure 4. Processing speed of traditional computing.

Conversely, Figure 5 demonstrates that within QECC, the processing speeds of
5 seconds and 8 seconds exhibit higher average error rates compared to other
speeds. This observation implies that despite the general aim of QECC to mini-
mize error rates, specific processing speeds still experience higher incidences of
errors. Consequently, these specific thresholds where error rates increase may
point to optimization challenges that QECC needs to address.

Figure 6 and Figure 7 provide a comparative analysis of error rates associated
with various data throughput speeds for two computing frameworks: Traditional
Computing and Quantum-Edge Cloud Computing (QECC). In Figure 6, data
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throughput of 80 MB/sec exhibits a discernibly higher error rate when compared
to lower throughputs for traditional computing. This observation is indicative that
as data throughput increases, the system is more susceptible to errors, likely due

to limitations in handling higher data volumes efficiently.

8 seconds
1 second

3 seconds

Processing Speed (QECC)

4 seconds

0.00% 0.10% 0.20%
Average of Error Rate (QECC)

Source: Smart City Infrastructure from
Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital
and Anwar Khan Modern Hospital, Bangladesh; In-
dustrial IoT from Pran Apparels, Bangladesh, 2024.

Figure 5. Processing speed of QECC.

50 MB/sec
100 MB/sec
10 MB/sec

20 MB/sec

Data Throughput (Traditional)

0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35%
Error Rate (Traditional)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital and Anwar Khan Modern Hospital,
Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Figure 6. Data Throughout of traditional computing.

Figure 7, under the QECC framework, highlights that the highest data through-
put tested, 180 MB/sec, demonstrates a significantly higher error rate than the
other speeds. The result suggests that QECC, like traditional computing, faces
challenges at higher throughputs, potentially indicating a need for further optimi-
zation to maintain accuracy at these elevated data transfer rates. These findings
underscore that despite QECC’s advancements, managing error rates at high
throughputs remains a critical issue for traditional and quantum-edge computing

frameworks.
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150 MB/sec
200 MB/sec

30 MB/sec

Data Throughput (QECC)

40 MB/sec

0.00% 0.02% 0.04% 0.06% 0.08% 0.10% 0.12% 0.14% 0.16%
Error Rate (QECC)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital and Anwar Khan Modern Hospital,
Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Figure 7. Data throughout of QECC.

Table 4. Performance metrics comparing data throughput and error rates.

Data

Application Cat- L . Data Through- Error Rate Error Rate
Application/Environment . Throughput .
egory put (Traditional) (Traditional) (QECC)
(QECCQ)
. Traffic Management System
Smart City .
(Bashundhara Shopping Complex, 100 MB/sec 200 MB/sec 0.10% 0.05%
Infrastructure
Bangladesh)
. Public Safety Monitoring
Smart City .
(Bashundhara Shopping Complex, 50 MB/sec 150 MB/sec 0.20% 0.10%
Infrastructure
Bangladesh)
Healthcare Patient Monitoring System (Asgar Ali
. . 20 MB/sec 40 MB/sec 0.01% 0.01%
Monitoring Hospital, Bangladesh)
Healthcare Emergency Response System (Anwar
. . 10 MB/sec 30 MB/sec 0.05% 0.02%
Monitoring Khan Modern Hospital, Bangladesh)
. Manufacturing Process Control (Pran
Industrial IoT 80 MB/sec 180 MB/sec 0.30% 0.15%

Apparels, Bangladesh)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh; Healthcare Monitoring from Asgar Ali Hos-
pital and Anwar Khan Modern Hospital, Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Table 3 and Table 4 compare performance metrics related to data throughput
and error rates between traditional computing frameworks and Quantum-Edge
Cloud Computing (QECC) across various Internet of Things (IoT) applications.
Specifically, in the context of smart city infrastructure, the Traffic Management
System at the Bashundhara Shopping Complex in Bangladesh experienced a dou-
bling of data throughput from 100 MB/sec to 200 MB/sec with the implementa-
tion of QECC. Concurrently, the error rate was halved from 0.10% to 0.05%. Sim-
ilarly, the Public Safety Monitoring system of the same complex saw a significant
increase in throughput from 50 MB/sec to 150 MB/sec while simultaneously re-

ducing the error rate from 0.20% to 0.10%. In healthcare monitoring, the Patient
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Monitoring System at Asgar Ali Hospital demonstrated a twofold increase in
throughput from 20 MB/sec to 40 MB/sec, with negligible change to the error rate,
suggesting a significant improvement without compromising data integrity. The
Emergency Response System at Anwar Khan Modern Hospital also experienced
an increase in throughput from 10 MB/sec to 30 MB/sec and decreased error rates
from 0.05% to 0.02%. In the industrial IoT domain, the Manufacturing Process
Control system at Pran Apparels, Bangladesh, exhibited a substantial increase in
data throughput from 80 MB/sec to 180 MB/sec while reducing error rates from
0.30% to 0.15%. These findings suggest that QECC enhances data handling capa-
bilities with higher reliability and reduced errors, which is crucial for the efficiency

and effectiveness of IoT systems in various applications.

Smart City Infrastructure

Application Category

Healthcare Monitoring

0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35%
Error Rate (Traditional)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital and Anwar Khan Modern Hospital,
Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Figure 8. Traditional error rate in terms of application category.

Smart City Infrastructure

Application Category

Healthcare Monitoring

0.00% 0.02% 0.04% 0.06% 0.08% 0.10% 0.12% 0.14% 0.16%
Error Rate (QECC)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital and Anwar Khan Modern Hospital,
Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Figure 9. QECC error rate in terms of application category.

Figure 8 and Figure 9 compare error rates across IoT application categories
using traditional and QECC frameworks. Figure 8 shows that Industrial IoT has
the highest traditional error rate; on the other hand, Figure 9 shows that QECC
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reduces error rates across all categories, with Industrial IoT benefiting the most
from this technology shift. In the “Application Category”, Industrial IoT exhibits
a notably higher “Error Rate” compared to other sectors. Quantum-edge cloud
computing is a promising new paradigm that could greatly enhance the capabili-
ties of IoT applications. Although it is still in its early stages of development, it has
the potential to revolutionize the way to process and store data.

Figure 10 shows a positive correlation between error rates of traditional com-
puting and Quantum-Edge Cloud Computing (QECC). QECC has a lower error
rate, but its performance is proportional to that of traditional computing. Factors
causing errors could affect both traditional and QECC systems. The graph’s tight
cluster of data points suggests that improvements or deteriorations in traditional

systems could be a predictor of similar trends in QECC systems.
0.16%

0.14%

0.12%

0.10% p

0.08% )

0.06%

Error Rate (QECC)

0.04%

0.02% P 3
o
0.00%

0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35%
Error Rate (Traditional)

Source: Smart City Infrastructure from Bashundhara Shopping Complex, Bangladesh;
Healthcare Monitoring from Asgar Ali Hospital and Anwar Khan Modern Hospital,
Bangladesh; Industrial IoT from Pran Apparels, Bangladesh, 2024.

Figure 10. Correlation between traditional and QECC error rate.

5. Case Study: Enhancing Autonomous Vehicle Safety and
Accuracy with Quantum Sensors

Autonomous vehicles represent a significant leap forward in automotive technol-
ogy, offering the promise of safer, more efficient roads. However, the reliability of
these vehicles heavily depends on the accuracy and sensitivity of their onboard
sensors for object detection, navigation, and overall situational awareness. A pri-
mary challenge in the development of autonomous vehicles is ensuring the preci-
sion of object detection under varying environmental conditions. Traditional sen-
sor technologies like LIDAR, though widely used, encounter limitations in accu-
racy, especially in adverse weather conditions such as fog or heavy rain. These
limitations can potentially compromise safety and reliability.

Current Sensor Technology: LIDAR (Light Detection and Ranging): LIDAR

sensors play a crucial role in creating a 3D map of the vehicle’s surroundings by
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emitting light pulses and measuring the reflections. Despite their capabilities, Li-
DAR systems are not only costly but also face challenges in maintaining accuracy
during poor weather conditions.

Quantum Solution: Quantum sensors emerge as a groundbreaking solution,
leveraging the principles of quantum mechanics to surpass the sensitivity and ac-
curacy limits of classical sensors. These advanced sensors can detect smaller,
fainter signals, offering a significantly refined perception of the environment.

Benefits Achieved:

¢ Improved Object Detection: Quantum sensors enhance the vehicle’s ability
to precisely identify various objects such as pedestrians, cyclists, and other vehi-
cles, even in challenging weather scenarios.

¢ Enhanced Safety: The accuracy provided by quantum sensors allows for bet-
ter decision-making and quicker responses to potential hazards, thus improving
the overall safety of autonomous vehicles.

¢ Reduced Reliance on GPS: Quantum sensors offer a dependable alternative
for navigation in situations where GPS signals are weak or entirely absent.

Current Stage: Although still in the development phase, the potential of quan-
tum sensors in autonomous vehicles is being actively explored. For instance,
Hyundai has initiated collaborations with quantum computing companies to in-
vestigate the application of quantum algorithms in processing LiDAR data for en-
hanced object detection capabilities.

Future Outlook: The integration of quantum sensors with existing technolo-
gies like LIDAR presents a promising avenue for advancements in autonomous
vehicle safety, reliability, and performance in all types of weather conditions. As
technology matures and becomes more economically feasible, quantum sensors

are poised to play a pivotal role in the evolution of autonomous driving systems.

6. Quantum Algorithms for Edge Computing: Challenges and
Techniques

The study discusses the need to optimize quantum algorithms for edge computing
in the context of Quantum-Edge Cloud Computing (QECC), but it falls short in
providing specific examples or concrete techniques. A more detailed exploration
of quantum algorithms and their applicability to Internet of Things (IoT) tasks
are critical to demonstrate QECC’s practical relevance.

6.1. Challenges in Optimizing Quantum Algorithms for Edge
Computing
Quantum algorithms, though powerful, face unique challenges when applied to
edge computing environments, especially within IoT systems.
1) Limited Resources at the Edge: Edge devices typically have constrained com-
putational and energy resources compared to centralized cloud systems. There-
fore, quantum algorithms must be designed or optimized to operate efficiently

under these limitations. Algorithms that minimize quantum gate operations and
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circuit depth are essential to reduce the energy consumption and computational
load.

2) Decoherence and Error Rates: Quantum systems are prone to decoherence,
where qubits lose their quantum state due to external interference. This intro-
duces significant error rates, particularly when applied to complex, real-time IoT
tasks. Techniques such as quantum error correction or noise-resilient algorithms
could mitigate these issues but require further optimization for edge environ-
ments.

3) Real-time Processing: Quantum algorithms must be adapted to handle real-
time data streams at the edge. Unlike traditional batch processing, real-time ap-
plications, such as healthcare monitoring or traffic management in smart cities,
require quantum algorithms that can process data continuously and deliver results

with minimal latency.

6.2. Concrete Techniques for Optimizing Quantum Algorithms

To make quantum algorithms more suitable for edge computing in IoT applica-
tions, several specific techniques can be employed:

1) Variational Quantum Algorithms (VQAs): These algorithms, such as Quan-
tum Approximate Optimization Algorithm (QAOA) and Variational Quantum
Eigen solver (VQE), are designed to run on near-term quantum devices and can
be particularly effective for optimization tasks in IoT systems. VQAs work by us-
ing a classical optimizer to adjust the parameters of a quantum circuit, allowing
them to adapt to the limited resources available at the edge.

2) Quantum Machine Learning (QML): Quantum machine learning algorithms
like Quantum Support Vector Machines (QSVMs) and Quantum Neural Net-
works (QNNs) hold promise for real-time pattern recognition and anomaly de-
tection in IoT environments. These algorithms can enhance edge devices’ ability
to handle large volumes of data by performing more efficient, high-dimensional
data analysis, reducing both time and space complexity.

3) Quantum Cryptographic Protocols: Given the security demands of IoT sys-
tems, Quantum Key Distribution (QKD) can be integrated into edge computing
environments to enhance data security. QKD ensures that encryption keys ex-
changed between edge devices are protected from eavesdropping, providing a
level of security that classical cryptographic methods cannot match.

4) Hybrid Quantum-Classical Algorithms: To overcome the limitations of edge
devices, hybrid algorithms that combine quantum and classical computing can be
employed. For instance, edge devices can use classical methods to preprocess data
before sending the more complex calculations to a quantum processor, optimizing
the overall system efficiency. This can be particularly useful in applications such

as smart healthcare or industrial IoT, where latency and accuracy are critical.

6.3. Application-Specific Optimization

The suitability of quantum algorithms varies depending on the specific IoT
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application:

» Healthcare Monitoring: Algorithms optimized for real-time anomaly detec-
tion and predictive analytics can help monitor patients’ vital signs, identifying po-
tential emergencies faster than traditional systems.

» Smart City Infrastructure: Quantum algorithms can optimize traffic flow, re-
duce congestion, and improve public safety by processing vast amounts of sensor
data in real time, enhancing the effectiveness of urban planning efforts.

* Industrial IoT: In manufacturing environments, quantum algorithms can be
used for process optimization and defect detection, significantly improving oper-

ational efficiency and reducing errors in production systems.

7. Discussion

The empirical data presented in the study demonstrates that Quantum Edge
Cloud Computing (QECC) can significantly enhance processing speeds and re-
duce error rates in Internet of Things (IoT) applications when compared to tradi-
tional computing. This improvement is particularly noteworthy in Industrial IoT,
where quantum computing’s theoretical predictions regarding computational ef-
ficiency are validated. The integration of edge computing has also shown a posi-
tive correlation with reduced latency, confirming the literature’s hypotheses about
the benefits of localized data processing. However, the error rates associated with
QECC indicate that challenges remain in optimizing these systems for error resil-
ience, particularly at higher processing speeds and data throughputs.

While QECC offers clear advantages, further research is needed to address these
challenges. For example, at higher throughputs—such as 180 MB/sec—QECC sys-
tems still exhibit increased error rates, suggesting a need for optimization to main-
tain accuracy. Furthermore, QECC’s reliance on edge computing introduces new
challenges related to the limitations of edge devices, such as restricted processing
power or network bandwidth. These constraints can lead to higher error rates,
especially in real-time analytics for healthcare monitoring.

In traditional computing frameworks, errors are often attributed to latency,
scalability limitations, and security vulnerabilities. High latency in transmitting
data between IoT devices and centralized cloud servers, particularly in real-time
applications like smart city infrastructure and healthcare monitoring, can result
in processing delays and errors. Additionally, traditional cloud systems often
struggle to scale, leading to bottlenecks and higher error rates in large-scale IoT
networks, especially in Industrial IoT, where larger data volumes overwhelm tra-
ditional systems. Furthermore, traditional encryption methods are more suscep-
tible to cyberattacks, which compromise data integrity, as seen in the Public Safety
Monitoring System in Bangladesh.

Although QECC mitigates many of these issues, it faces its own set of chal-
lenges. Quantum decoherence, a phenomenon where qubits lose their quantum
state due to environmental interference, can introduce errors during calculations

or encryption processes. Additionally, QECC requires further algorithmic
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refinement, particularly for processing speeds between 5 and 8 seconds, where
elevated error rates persist. Quantum-resistant encryption methods are also
needed to safeguard against emerging security threats without increasing error
rates. To enhance QECC’s effectiveness, several areas for improvement have been
identified. First, quantum algorithms need to be refined to handle larger data vol-
umes without increasing error rates. Second, improving hardware capabilities at
the edge of the network is crucial for ensuring robust performance, particularly in
smart city infrastructure and Industrial IoT applications. Finally, developing
quantum-resistant encryption techniques will help mitigate the risks introduced
by quantum decoherence, ensuring data security without compromising system
performance.

While QECC presents a promising solution for IoT applications by improving
speed, reducing latency, and enhancing data security, further research is necessary
to fully optimize these systems. The findings underscore QECC’s potential but
also caution against a one-size-fits-all approach, emphasizing the need for tailored
solutions that consider each application domain’s unique demands and technical
challenges. By addressing these underlying error sources, QECC can become a

more reliable and efficient solution for IoT applications across various sectors.

8. Recommendations and Future Research Directions

Based on the study’s findings and in conjunction with the literature review and
case studies examined, the following recommendations and future research direc-

tions can be proposed.

8.1. Recommendations

1) Optimization of QECC for Industrial IoT: Given the higher error rates in
traditional computing identified in Industrial IoT applications, focused efforts on
optimizing QECC for this sector should be a priority. This includes enhancing
data integrity and processing capabilities tailored to the heavy-industrial context.

2) Expansion of QECC in Healthcare and Smart Cities: The study shows prom-
ising results in healthcare monitoring and smart city infrastructure. Initiatives
should be expanded to leverage QECC for broader applications in these domains
to further improve efficiency and response times.

3) Improvement in Quantum Algorithm Efficiency: With the observed limita-
tions at higher data throughputs, it is recommended to refine quantum algorithms
to ensure they maintain low error rates even as processing speeds and throughputs

increase.

8.2. Future Research Directions

1) Development of Quantum-Resistant Cryptography: As quantum computing
evolves, so do potential security threats. Future studies should investigate creating
encryption methods that are resistant to quantum decryption techniques.

2) Diversification of Case Studies: To understand the broader implications of
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QECC across various geographies and sectors, future research should include a
more diverse range of case studies, including those outside Bangladesh.

3) Interoperability and Standardization: As QECC becomes more prevalent, es-
tablishing interoperability standards will be critical. Future research should ad-
dress the seamless integration of quantum, edge, and cloud computing within ex-
isting IoT ecosystems.

4) Energy Efficiency: Given the energy demands of computing, especially quan-
tum computing, future research should also focus on making QECC more energy-
efficient and environmentally sustainable.

By adhering to these recommendations and focusing on the outlined research
directions, the potential of QECC to transform IoT applications can be fully real-
ized, leading to a new standard of performance, security, and scalability in the IoT

domain.

9. Conclusion

This study has explored the potential of Quantum-Edge Cloud Computing
(QECCQC) to transform the Internet of Things (IoT) by leveraging the unique
strengths of quantum computing, edge computing, and cloud computing. Our in-
vestigation into the theoretical foundations and real-world applications reveals
QECC as a robust solution for enhancing data processing speeds, security, and
scalability across IoT systems. Key findings emphasize the critical need for devel-
oping quantum-resistant encryption methods to protect against future quantum
threats, alongside addressing scalability and standardization challenges to ensure
widespread adoption. Future research focusing on optimizing quantum algo-
rithms for edge environments and enhancing interoperability through standard-
ized protocols will be pivotal. As QECC continues to evolve, it promises to over-
come current IoT limitations, heralding a new era of technological innovation that
is both secure and efficient, driven by interdisciplinary collaboration and contin-

uous advancements.

Limitations of This Study

The study on Quantum-Edge Cloud Computing (QECC) for IoT applications has
some limitations. It relies on data from only a few sectors in Bangladesh, and
quantum computing technology is still in the early development stages. The case
studies selected represent only a narrow slice of potential uses, and the integration
of quantum, edge, and cloud computing poses complex challenges. IoT systems
are commonly constructed using conventional computing methods, potentially
lacking compatibility with quantum computing. Consequently, organizations
must allocate resources towards acquiring new infrastructure and expertise to
seamlessly integrate quantum technologies into their current IoT systems. Quan-
tum hardware is another limitation. Quantum processors are currently in their
initial phases, with only a handful of companies providing access to such compu-

ting resources. This scarcity poses a challenge for organizations aiming to test and
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expand quantum computing applications. Resource constraints and evolving

cyber threats are also significant barriers. Finally, the study suggests optimizing

quantum algorithms for edge computing, but practical techniques are not sub-

stantiated. Further research is necessary to overcome these obstacles and fully re-
alize QECC’s potential in the IoT sector.
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