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Abstract

The rapid advancement of quantum computing technology presents an opportunity to revolutionize cloud computing
platforms, enabling the execution of complex workloads that are beyond the reach of classical systems. This paper explores
the potential of quantum-enhanced cloud platforms, focusing on bridging classical and quantum computing to support
future workloads. We examine the integration of quantum processors with classical cloud infrastructure, highlighting the
challenges and benefits of hybrid architectures that combine the strengths of both paradigms. Key topics include quantum
resource management, quantum programming models, and the development of algorithms that leverage quantum speedup
for optimization, machine learning, and data analysis. Additionally, we address the scalability, security, and
interoperability concerns that must be overcome for effective deployment in real-world cloud environments. By offering
insights into the convergence of classical and quantum computing, this paper provides a roadmap for the evolution of
cloud platforms capable of supporting next-generation applications and workloads.

Keywords: Quantum Cloud Computing,Quantum-Classical Integration,Quantum Computing Platforms,Cloud-Based
Quantum Solutions,Hybrid Computing Systems,Quantum Algorithms,Classical Computing Infrastructure,Quantum
Software Development,Quantum Cloud Services,Quantum Resource Management,Future Workloads,Quantum
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1. Introduction

The last decade has brought substantial progress in various domains such as classical and quantum algorithms and
technologies, classical and quantum programmable accelerators, and quantum computing systems. Quantum
computations, based on the principle of superposition and entanglement, introduce entirely new data representations and
algorithms, which are expected to enhance digital models, simulations, and other emblematic workloads on future cloud
platforms. Quantum computing is undergoing a process of standardization supported by industry partners, researchers,
and governments globally, and initial applications are becoming available over public clouds and high-performance
computing systems. These advances pave the path for integrating quantum capabilities in classical cloud computing by
offering quantum-in-a-box assets and enabling a quantum-assisted cloud to address computational workloads that are
computationally costly or simply impossible to perform with a classical digital approach. Recent trends in the computing
industry and gadgets reveal a shift towards proprietary hardware platforms targeting specific workloads comprising
artificial intelligence, machine learning, graphics rendering, networking support, and web services. Traditional cloud
platforms, predominantly built on Von Neumann architectures consisting of a central processor surrounded by memory
and storage elements, are increasingly being driven by data-centric workloads. Integration of quantum capability in cloud
computing can address such demand by providing support for data representation and resulting quantum computations.
Several researchers have proposed quantum-assisted cloud computing using discussions, quantum-inspired algorithms, or
specific quantum algorithms for audits, data classification, optimization, encryption, and security enhancement. However,
a careful investigation of the nature of such workloads, potential performance advantages, and convergence of classical
and quantum technologies is essential. Filling this gap forms the primary aim of this study. The contribution of this work
is also significant as it is likely to initiate conversation towards redefining cloud platforms and assist cloud service
providers in provisioning futuristic hardware services.

1625 https://jrtdd.com


mailto:lakshminarayana.k.s.se@gmail.com

Journal for Re Attach Therapy and Developmental Diversities
elSSN: 2589-7799
2023 December; 6 10s (2): 1625 - 1637

Profit and Loss
Statement indicates how
much an enterprise
earns.

It shows the company's
main income streams
and expenses.

In other words, the profit
and loss statement show
the company's ability to
gain money.
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1.1. Background and Context

In the late 2000s, cloud computing and its ability to deliver scalable infrastructure, platforms, and software resources
promised to significantly impact modern system architectures and applications. In less than two decades, what was then
burst and grid computing has become fundamental to enabling worldwide services, fueling scientific discovery, financial
systems, and customer-facing services, as well as social media, Internet of Things infrastructures, and enterprise storage
systems capable of storing and processing zettabytes of data. It is hard to overstate the unbounded success and importance
of cloud computing, which currently hosts several emerging computing paradigms, including blockchain, deep learning,
and quantum computing via offerings. Nonetheless, certain workloads are ill-suited for current systems due to their
inherent limitations in classical computing.

Historically, cloud infrastructure and platform services are layered on classical IT infrastructure. Each cloud infrastructure
layer offers distinct system and application qualities such as scalability, fault tolerance, and security. The cloud
orchestrator supports the deployment and coordination of virtualized resources to deliver a multi-tenant cloud platform.
Cloud orchestrators are also deployed via hardware infrastructure managed by hypervisors, and the establishment of
hypervisors maximizes hardware utilization via virtualization, ensuring the isolation and performance guarantees required
by tenants. Critically, cloud platforms cannot always mechanize or readily implement the workload primitives,
abstractions, and qualities available in the classical infrastructure and platform resources of the IT stack due to the
complexity of the classical technologies underpinning them in deployed infrastructure, development, and operational
costs, layers of required software, and limitations in commercial off-the-shelf technologies. An example is unsuited to
cloud infrastructure and related services. It runs on a flash system in the presence of operating memory and threads on a
processor node.

1.2. Research Aim and Objectives

The primary aim is to investigate the potential of quantum computing in enhancing today's cloud platforms. As quantum
computing infrastructures are still considered to be future workloads for global data centers, it is still uncertain, though
promising, if quantum computing will run in the cloud. Hence, the study will also offer solutions to those who will be
facing such technological advancements. Based on the primary aim of the study, the following objectives have been
formulated: - Analyze the cloud platforms that could potentially operate for quantum computing solutions, particularly in
hyperscale data center environments from the perspective of portable execution of quantum workloads. To achieve this,
hybrid quantum-classical cloud platforms and particularly quantum-specific platforms are theoretically and empirically
under investigation. - Explore how quantum computing could be natively applied to provide cross-optimized, efficient
execution of data centers as quantum-enhanced cloud scheduling services. For the realization of this objective, joint
scheduling of quantum jobs has been analyzed in both classical and quantum computing platforms. - In addition, the
objectives are formulated after careful consideration of various digital workloads already running in hyperscale cloud
platforms, which include mainly intuitive computing workloads applied in a cloud environment. Hence, the aim of the
Ph.D. study is to theoretically and empirically investigate quantum-enhanced cloud platforms and architectures, thus
offering industry practitioners and academic counterparts an insight into implementing such a solution. Therefore, the
study mainly focuses on the following research question: How could quantum computing potentially advance and optimize
classical cloud platforms?

Equ 1: Quantum-Classical Hybrid Workload Equation
Liota = aC + BQ
Where:
o Lyota: Total workload processing time
o C:Time taken by classical computing resources
+ (Q: Time taken by quantum computing resources

* aand j§: Weights that define how much classical or quantum cemputing resources contribute to

the total workload, depending on the problem type.
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2. Classical Cloud Computing: Foundations and Limitations

Migrating traditional workloads to quantum systems will not happen uniformly across all industries. Expertise revolves
largely around developers and tools used in optimizing problem-specific applications, meaning our path in a quantum
cloud is likely to involve late integration of fluctuations and limitations into the quantum-classical hybrid solution. This
perspective influences our focus in this paper. Because different industries will have different quantum needs and
evolutions, we are not primarily concerned with technological universal performance metrics; rather, we are concerned
with practical infrastructure control. In creating this roadmap, we will contrast classical informatics (particularly
virtualization and corresponding management) and quantum processing, focusing on the similarities and differences in
their respective cloud architecture optimizations. In this section, we currently turn to classical cloud computing principles
and their shortcomings; next, we address current trends in quantum platforms.

Classical Cloud Computing: Foundations and Limitations

The term "cloud" is derived from network diagrams, where cloud drawings are used to denote wide-area networks. The
concept of cloud computing was first used to define the abstraction of several infrastructure layers, from bottom data
center components to top software-driven data centers that abstract the effect of hardware: clusters, grids, and computing
concentrations were the initial cloud computing models. Cloud computing as we know it today stands primarily on top of
virtualization. Virtualization is the process of mapping the functions of a piece of hardware onto a shared pool of
configurable computing capabilities. On a physical machine, the virtual machine (VM) bears the look, feel, and
functionality of physical industrial standard machines that directly deliver the underlying hardware. For the term
"virtualization,” many current references narrowly refer to virtual machines; others portend a variety of virtualization
services. Today, enterprise cloud systems are typified by virtual machine instances.
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2.1. Key Concepts of Classical Cloud Computing

Cloud computing provides on-demand access to a shared pool of configurable computing resources hosted in data centers.
Cloud systems are made up of layers of resources that include computing, storage, and networking resources for managing
different aspects of workloads and data processing. The objectives of cloud computing include providing dedicated
resources in a cost-effective architecture by providing three service models, namely Infrastructure as a Service, Platform
as a Service, and Software as a Service. A key philosophy behind cloud computing is to help in designing an elastic IT
infrastructure, implying the dynamic and flexible allocation of resources, such as increasing or decreasing storage capacity
and memory allocation to various system components.

These resources can be applied according to the requirements of the application and charged on a pay-as-you-go model.
Typically, cloud resources are allocated on an as-needed basis, rather than being pre-provisioned resources as in most
supercomputing centers or companies' locally hosted computing clusters. This cloud resource behavior is what is also
termed resource-on-demand models, or no-waiting models. Often used synonymously, “elastic” implies both elasticity
and scalability of resources depending on the needs of the user. In order to understand most of these aspects of cloud
platforms, it is also important to understand deployment models. Deployment in cloud computing is classified as either
being on-premises, public, private, or both. Isolation models essentially reflect the service model difference in different
ways, and it is a functionality distinction that implies the difference between the service model categories.

2.2. Challenges and Limitations in Classical Cloud Computing

Beyond its strengths, there are several challenges and limitations characterizing classical cloud computing. On the one
hand, resource contention is intrinsic to multi-tenant platforms, thereby affecting the performance of cloud users. On the
other hand, performance variability on top of resource contention is due to the sharing in the allocation of resources among
co-located VMs, which is critical since some users have performance requirements; clouds must provide a free-of-charge
service when Service Level Agreements are not met; and time-varying workloads have a transitory impact on QoS. In this
sense, commercial server workload analysis during peak loads shows that in shared servers, the latency is sensitive to the
traffic intensity, i.e., as the server starts to load, latency increases.

As a consequence of the above, cloud customers may face a significant degradation in their user experience. Moreover,
the larger the data centers, the greater the resources to be shared at potentially higher variability. In addition to the above,
security issues may arise due to multi-tenancy itself, such as data leakages or unauthorized access. Moreover, sensitive or
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proprietary strategies and tactics are hard to keep in data centers. Malware uses hypervisors to change their way of
working, thus requiring countermeasures and continuous updates. Yet another security aspect applies to the data center
localization within a country border in order to comply with legal and regulatory mandates related to the storage of
management work, which is indeed a major aspect of Quality of Service. It requires knowledge of where data is stored to
avoid any violation and to protect organizational data from being destroyed, stolen, altered, or disclosed.

Histegzam Normal P-P Plot of Regression Standardized Residual
Dependest Varisble: ERITTN e Dependent Variable: EBIT/TN

Expected Cam Prob
A e

Regressien Standasdized Residasl Observed Cusm Prob

Fig : Automotive Sector Financial Performance Dynamic Model
3. Quantum Computing Essentials

Quantum computing is an emerging discipline that uses quantum mechanics for processing and storage. In the previous
section, classical computing paradigms and future workloads were discussed. This section introduces the quantum
computing paradigm to facilitate the comparison with classical computing paradigms.

Based on quantum mechanics, some key principles can be employed to achieve unique properties. Superposition allows a
quantum system to exist in multiple states simultaneously. Entanglement, on the other hand, correlates the state of one
system with another system, which ensures that the states of two qubits are highly correlated and any operations performed
on either of them will affect the other. Quantum systems have the potential to contain information or reach computational
results via continuous exploration of a large group of combinations of quantum states, which is called quantum parallelism.
Given scientific and engineering solutions, quantum systems can iterate over a wide range of possibilities and solutions
at incredible speeds.

Currently, there are different models of quantum computing that have been developed widely. A quantum gate is a basic
quantum circuit operating on a small number of qubits. Quantum circuits are driven by sequences of quantum logic gates,
and all guantum computations can be encoded using a finite number of types of quantum gates. A quantum circuit begins
with a qubit initialized to some initial state, and then these qubits are manipulated via a series of quantum logic gates. A
quantum system has a set of continuously variable parameters that can be employed to efficiently conduct various
computational procedures. Quantum gates or circuits are frequently used to manipulate and process qubits in a quantum
computing context.

The significant advancements in both quantum hardware and device technology have resulted in tailor-made hardware
platforms designed with well-designed compactness along with increasing controllability and fast readouts. Noisy
intermediate-scale quantum processors, with dimensions up to a few dozen qubits, are currently being developed. Some
revolutionary applications with the NISQ processor have exhibited quantum supremacy. Additionally, researchers and
industries have acknowledged the grand advantage of the quantum computing frontier and are consequently working on
scaling up the quantum processors. Relevant considerations include monitoring scalable quantum computer systems,
architectural planning of quantum”processes, quantum cryptography, and quantum simulation.
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3.1. Fundamental Principles of Quantum Computing

The underlying principles of quantum computing set it apart from classical computing, creating a new approach that allows
the utilization of fundamentally different methods and techniques by algorithm designers. A typical quantum computer
uses qubits. A qubit differs intrinsically in principle from a classical bit as a result of the quantum states it can represent.
These states can include a form of superposition, entanglement, or other generalized states of a single qubit, a group of

1628 https://jrtdd.com



Journal for Re Attach Therapy and Developmental Diversities
elSSN: 2589-7799
2023 December; 6 10s (2): 1625 - 1637

qubits, or even potentially the whole system. A single qubit exists as a bi-dimensional system in the superposition of the
two computational basis states that a qubit may be in. Superposition allows a qubit to exist in a state that cannot be
described by the states available to a classical bit. Consequently, a collection of n qubits in a quantum computer can exist
in a superposition of 2n possible classical computational states. A single measurement from a collection of n qubits will
reveal one and only one of the n-bit classical values in a binary number base.

These binary values are known as computational basis states and can be considered as the outputs of the quantum
computer. The probabilities of measuring each of the states recorded by the system must sum to 1, representing certainty
of the one value that will be measured. As aforementioned, quantum systems must undergo measurements. Such
measurements are crucial in quantum computing as they serve as the hardware ‘read-out’ mechanism in practical quantum
computer systems. If a significant amount of qubits are entangled, a computation on a small humber of qubits that are
entangled can have an effect on a value or function of qubits that the original small set was not entangled with. In a
classical system, such developments are not possible; thus, this can be considered a quantum advantage. This can be
considered one of the huge advantages of quantum entanglement. In a classical system, if you know the pairwise
connections between equally weighted classical bits, you can infer nothing further about the resulting combinations of
states between the bits. In quantum entanglement, a global state of all the bits is inherently connected such that assertions
about individual pairs automatically imply assertions about the global system. This consequently means that quantum
computing can, in many instances, operate more efficiently than classical systems by taking fewer steps to solve complex
problems.

3.2. Quantum Algorithms and Applications

The transformative potential of quantum computing is widely recognized in its ability to enable a new class of problem-
solving that is infeasible using only classical computation. The most famous algorithm is Shor’s algorithm, capable of
breaking the public-key cryptosystems widely used for secure communication. Grover's algorithm is known for its speed-
up of unsorted database searches from linear time in the classical case to a square root time complexity. Since its
introduction, quantum algorithms have continued to evolve and find applications in virtually every field of computer
science. Here are some quantum algorithms and their respective applications:

Grover's algorithm: outperforms the optimal classical algorithm for unlimited resources for searching items. It is a
common misconception that Grover outperforms finding, but its main interest is in finding all items that satisfy a certain
property. Shor’s algorithm: Shor’s algorithm is applied to assist with complex problems in number theory. It is used to
compute discrete logarithms, and integer factorization, evaluate orders in group theory, and solve decision problems before
it is used in quantum cryptography. Quantum convolutional neural network: Quantum-enhanced algorithms can be
employed to efficiently train CNNs in recommendation systems. Quantum kernel method: is applied in classifying
compressed high-resolution sonar imagery in naval applications. Quantum approximate optimization algorithms: A
recently introduced class of quantum optimization algorithms can be applied to perform a Monte Carlo quantum
simulation for non-polynomial problems in materials science. Other applications include calculating excited states of
guantum mechanical systems in accurate drug discovery and exploration in artificial intelligence for recommender
systems.

It is important to underline that there are a myriad of quantum algorithms, and researchers keep discovering more and
more quantum-enhanced algorithms. Moreover, whenever possible, a quantum approach is selected for solving a problem
due to the quantum algorithms that may yield increased execution speed and a higher level of efficiency. There is
continuous research ongoing to develop new algorithms for maximizing execution increase via innovation. The solution
is subject to the constraints of current technology.

Equ 2: Quantum Resource Allocation

N
quwntum = E

i=1

N

i

Where:
. qumtmn: Quantum resource allocation
o D). Demand for the i-th quantum task
o T} Time or complexity associated with the i-th quantum task

s N:Total number of quantum tasks
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4. Integration of Quantum Computing into Cloud Platforms

Quantum computing can be seen as a natural evolution of versatile classical processing capabilities, bringing performance
improvements that make some tasks feasible for the first time and even delivering qualitatively new results. As such, there
is significant potential in offering quantum computation as a component within existing cloud platforms. In addition to
potentially faster execution, quantum computation excels at solving optimization problems, e.g., used for optimization in
traffic flows and robotics. Potential use cases for combined cloud quantum platforms also include optimization in finance,
logistics, pharmaceuticals, and materials science. From a scientific perspective, these platforms enable a wide range of
new, potentially cross-disciplinary experiments to be conducted owing to the capability to simulate systems that are
currently intractable to be directly computed on a classical computer. Examples include complex simulations such as the
nuclear structure and reactions in physics, and the modeling of living cells and the reactions inside our body.

There are certainly various technical challenges that need to be overcome, as workloads and user interfaces differ quite
significantly. In addition, a wide range of competencies and possibly even technologies must be integrated; these include
cloud architectures and orchestration services, ubiquitous access, quantum computing hardware provider interfaces,
quantum algorithmic toolmaker and developer SDKSs, and various quantum-classical hybrid approaches from both industry
and academia. Work to develop a set of quantum software interfaces, such as a quantum intermediate representation and
compiler, libraries of gate-based and annealing-aware quantum operations and algorithms, is beginning to develop. The
capability to run hybrid quantum-classical algorithms is a relatively hot topic in the quantum device community, with
various strategies being developed and validated, and further being developed within industry-academic partnerships.
Cloud-based quantum services are also available. Although integrating these higher levels of abstraction is challenging,
increasing the level of abstraction from the quantum hardware could lead to more robust interfaces and, in doing so, enable
shared services and possibly entire cloud implementations. With quantum computation expected to be a small fraction of
the total cloud workload, it is anticipated that minimizing the specialized interfaces for quantum computation will
consequently lead to the production quality of abstraction layers that are agnostic to the computational paradigm, i.e.,
quantum, high-performance, autonomic, or classical computers.
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Fig 4: Usage of Quantum Computing in Finance

4.1. Potential Benefits and Use Cases

The integration of quantum computing resources into cloud platforms can bring about profound changes to industrial
practices. Such an update is made all the more timely owing to the increasing amount of research in the field, accelerating
the development of stable and robust quantum algorithms. The use of these algorithms can accelerate processing speeds
via what is known as a quantum speedup. By harnessing the unison capabilities of multiple qubits, quantum algorithms
can process a vast number of operations at a time — a feat that would remain impractical with classical algorithms.
Consequently, various industries innovating with large amounts of digital information could inversely benefit. These
examples include finance for optimizing the allocation of portfolio components, healthcare for the discovery of new
pharmaceutical compounds, or logistics in quickly processing a plethora of data affecting optimal decisions. At the same
time, by running quantum and classical resources in unison, the combination shall usher in new computational strategies.
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For instance, problems for which the scaling behavior is too high can be looped to the quantum endpoint, which is expected
to offer a speedup.

Considering possible features of a next-generation cloud, up to seven use cases can be envisaged: automated resilience,
workflow optimization through mainframe offloading, quantum-enhanced HPC for seabed mapping and digital twin
among oil and gas, telecommunication shaving and gaming, quantum computing applications for route optimization and
production scheduling. In the case of applications capable of leveraging classical and quantum resources in a unified way,
this will not only bring a quantum speedup but also other advanced computing paradigms, such as parallelism and
randomization. Optimally, joint use can diminish the utilized quantum resources, suggesting optimal solutions and refining
solutions via feeding known answers into a quantum loop for improvement. The provided list of use cases is not exhaustive
but may be considered an example of the benefits that can be achieved in bridging classical and quantum technologies.

4.2. Technical Challenges and Solutions

In this section, | look at the challenges and problems when integrating quantum computing into classical cloud computing.
I also discuss some potential solutions for overcoming these challenges in greater detail.

Technical challenges and solutions Several factors contribute to the difficulty of integrating quantum computing
capabilities into cloud platforms, with each factor hazardous to the development of cloud infrastructures. Firstly, the
quantum hardware itself, while progressing at an exceptional rate, remains in its early nascent stages and requires much
more engineering to increase its operability. As a result, error correction is increasingly challenging, even for rather small
qubit operations. Quantum states are fundamentally fragile, and with more qubits, errors only become more pronounced.
This stands in stark contrast to classical computer components, whose robustness and stability are the foundation upon
which advanced hardware and cloud services are being developed.

A second significant challenge presents itself with respect to classical-quantum incompatibility. Integrating quantum
computing into an established classical computing ecosystem necessitates a re-education of those technologies that
modernized computing. There are many programming languages and hardware platforms that are simply incompatible
across classical to quantum to quantum chemistry programming. For quantum to make any advancement in the industry,
it must integrate itself within many levels of computing. Despite demonstrating an interface between a cryptographically
oriented mainframe and its quantum power exascale computer, this does not resolve the many frontier or cloud projects
that seek the low cost of high computing capability with quantum. A few directions are already emerging as potential
solutions to these daunting challenges. Cloud-based quantum services are only one of many possible technical approaches
to explore quantum computing. Hybrid quantum-classical algorithms are another approach being explored, in which a
quantum algorithm sits on top of a large base of existing classical code that benefits from similar inputs. Key to these
solutions is the design of a robust interface between the quantum computing capability and the classical computing
background supporting it.
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5. Case Studies and Practical Implementations

Quantum cloud computing has already reached a point where real-world case studies and practical implementations
provide insight into how it is being used in practice. Some of these case studies will be presented in the following sections,
starting with existing quantum cloud services. Afterward, various platforms in the field will be qualitatively compared.
Performance metrics of the actual cloud-based test environments will serve as the connecting piece and allow for more
grounded conclusions on the architectures. Implementations of quantum computing in the cloud target diverse use cases,
from discrete combinatorial optimization problems to continuous quadratic unconstrained binary optimization, ultimately
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helping to identify cheaper, fewer, or better solutions to approximate problems. Currently, the domain of quantum cloud
computing is mostly nascent.

By analyzing the principles of real-life quantum cloud platforms, we identified constraints, limitations, and potential
avenues for future quantum cloud services. Pharmaceutical researchers and chemical engineers, for instance, use quantum
computing to determine molecular structures in a more biologically and economically viable way. A cloud-based quantum
platform in which this use case was practically implemented at the time of this writing allowed pharmaceutical researchers
with small research budgets to challenge some state-of-the-art quantum algorithms through the use of different, less-
explored optimization techniques. A cloud-based quantum annealer provides a platform for running molecular dynamics
simulations at lower runtimes with the sole purpose of entertaining scientifically curious minds from high-income
countries. A major European telecom deployed this platform to test the impacts of quantum annealing on a benchmark set
of qualifications to streamline its robotic automation network while proving the market maturity of quantum technologies
at the same time. Another cloud-based instance exclusively serves as an educational application. Organized in a manner
that may easily be adopted as course exercises in schools and universities worldwide, this quantum cloud platform is co-
designed by a state-of-the-art quantum computing company and the executive power of the European Union. Its
exploratory intention resonates well with the child-like playfulness in addressing the agility of future systems through
fruitless technological systems' restructurings and virtual economic and social experiments that will eventually fail us all
over again. Similarly, a cloud-based quantum computing platform could be deployed later this year to facilitate a
handcrafted portfolio optimization corporation in the finance sector. For completely devoid novelty, two cloud-based
platforms target the optimization of transport networks by a logistics provider and a non-EU robotic sheep herding startup
corporation, respectively.

Revenue streams (ride-hailing, delivery, subscription)
Cost of Goods Sold (COGS)

Gross profit margins

Operating expenses

Net income

Income Statement

Current assets (cash, receivables)
Fixed assets (vehicles, technology infrastructure)
Balance Sheet Liabilities (payables, short-term and long-term debt)

Equity (retained earnings, shareholders' equity)

e Cash inflows from operations (user payments,
subscriptions)

Cash Flow Statement e Cash outflows (operational costs, capex)

e Net cash flow from operating, investing, and financing
activities

Fig 5: Case Study: Financial Modeling

5.1. Existing Quantum-Enhanced Cloud Platforms

Several major quantum information and cloud service providers offer some form of public access to quantum computing
devices. The most prominent cloud service providers and their quantum programs are discussed in more detail below. One
company was the first to offer cloud-based access to quantum computing devices, having done so since 2016. This
company houses five quantum chips in a facility accessible over the cloud. Users can access quantum devices directly or
run quantum algorithms on cloud servers. Recently, commercial time was allowed to be purchased on their devices,
allowing enterprises to co-locate quantum hardware with hybrid cloud products.

Another platform is the most recent addition to the growing sphere of quantum cloud platforms. With a primary back-end
language, it provides a smoothly integrated quantum-classical environment in what is perhaps the most diverse array of
quantum hardware present in any quantum cloud platform. A straightforward quantum-classical hybrid cloud platform
today supports two different hardware providers with multiple devices. One of the hardware providers also clouds their
hardware through their gateway. Users can run quantum algorithms on a specific processor through access to certain
frameworks. Another system allows for programmatically cloud-related tasks, such as queueing, executing, and retrieving
quantum computing tasks. This system runs on top of a management system introduced in 2021.

Several major names in the research world and private sector are in the hardware backend business, developing their cloud
systems to run their quantum computing systems. One company offers its quantum device through a hub of quantum
technology and offers it for commercial lease. Another company offers Quantum Annealers as their cloud offering.
Specific QPUs are accessible to the public through an orchestration center with access to specific backends. A digital
annealing system is available as a customer cloud service. The system boasts programming capabilities that will allow the
user to prepare for the transition from quantum to classical computing. Functional hardware is also available via a division
focused on quantum biosimulation. A loss in specific color centers housed in diamond architecture provides exceptional
long coherence time qubits. Another service is available by application or through beta, and a specific cloud is free to sign
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up for. Additionally, an organization is developing a Quantum Entanglement Engine with a non-profit. These systems are
always driven by multiple programming languages and development Kits.

5.2. Performance Evaluation and Comparison

This section of the paper demonstrates the gap between the theoretical and practical performance of quantum-enhanced
cloud platforms using a combination of metrics and discusses the drawbacks of the platforms in terms of reliability and
scalability. The results of this section can be used to set benchmarks for quantum capabilities in cloud platforms and help
guide other QBaaS in determining best practices.

We begin by evaluating section performance to see how well the results of the LLSE match the runtime of the circuit in
practice. In the subsection comparing platforms, the results of the platforms are evaluated to show which have the most
and least scaling of the results. Additionally, within the other sections of the paper, we establish a general framework for
evaluating quantum performance within cloud environments: the need to not only show the speed of computation but also
a variety of factors. Notably, we need to consider how close the performance of a quantum system is to the theoretical
potential, as summarized, and we focus a lot on the 'User Experience' factors, as listed in the introduction subsection.
This subsection evaluates the performance of the QBaaS via the test sets to which we subject them against the various
metrics and user experiences. All of the information that we look at is given at the end of this section for all of the major
test sets. The table classifies the metrics as various theoretical predictions based on the LLSE or trade-off/experience
considerations via the 'User Experience' (UX) values. Any mark, score, or quantum advantage values in red have been
highlighted. We will also note that the column was only evaluated for the practical results and not the theoretical ones.

Equ 3: Quantum-Classical Resource Hybridization Efficiency

I{]qu,:un:um + I1J”L‘],'ss.t;i(‘i-)l

Ehybrid =
. Wiotal

Where:
¢ Eyypria: Hybridization efficiency
¢ Wonantum: Workload handled by quantum resources
o Wilassical: Workload handled by classical resources

¢  Wista Total workload (quantum + classical)

6. Future Directions and Research Opportunities

Our positioning paper provides a perspective for research directions and emerging opportunities in quantum-enhanced
cloud computing. For future work, potential transformative opportunities are expected for leveraging quantum
technologies in resource allocation and optimization in clouds. Research on the adoption of quantum-assisted cloud
platforms and the application of quantum algorithms for workloads in clouds and data centers is likely to appear.
Technological developments in other fields of research are anticipated that rely partially on one or a few instances of
quantum computing. The paper discusses limitations in the cloud infrastructure and their potential quantum resolutions,
presents future opportunities in quantum computing for cloud workloads, and suggests potential collaboration within
interdisciplinary computing fields where quantum opportunities pose challenges in advancing the state of the art. Research
taking advantage of these emerging capabilities is expected to be defined. The fusion of disciplinary expertise, such as
quantum computing, cloud computing, networking, analytics, etc., is expected to spawn novel paths of research with
implications for the infrastructure and application layers of data handling, processing, and computation.

This introductory article provides a framework for future research in cloud computing with quantum-enhanced
capabilities. We have identified the principal limitations that will only open the door to quantum possibilities in the future.
We also trace new pathways and concrete research avenues that integrate quantum computing into the cloud computing
platforms of the future. This is a call for all researchers and practitioners in cloud computing, including the varied
interconnected fields, to think beyond their specific fields and beyond the present to the future possibilities proposed by
emerging functionalities with complementary potential to drive innovation. Therefore, we suggest each author think not
only within their horizon but also beyond it in formulating the attentively dedicated problem of the call for contributions.
We set the framework for this special issue using the results and practical outcomes of an interdisciplinary computing
conference that looked at the problems of distributed computing and communications, data centers, big data, Al, and
quantum computing.
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Fig : The Financial Sustainability of Retail Food SMEs Based on Fmanual Equilibrium and Financial
Performance

6.1. Emerging Trends in Quantum-Enhanced Cloud Computing

i) Access-Focused Developments: Quantum computing has traditionally been seen as difficult to use and access, but
emerging trends suggest that cloud-enabled access to quantum resources is becoming more available to users and
developers, offering new and novel application space. Notably, advances such as the development of a user-friendly
quantum computer interface and recent moves to improve cloud-based quantum computing functionality support this idea.
ii) Hybrid Computing: From a more academic perspective, an increasing focus of work on quantum computing is on so-
called "hybrid" models that combine classical and quantum computational techniques, driven in part by the very small
problem sizes that current NISQ devices can handle. Interest in combining quantum computing with various machine
learning and artificial intelligence applications continues to grow, suggesting potential for synergies with existing cloud
application space. iii) Open Access: The release of an open-source quantum computing platform is noteworthy as it will
enable both academic and industrial users to gain hands-on experience with quantum hardware design. It is likely that this
platform will offer limited and early physical hardware access to enterprise users interested in developing and
experimenting with quantum-annexed use cases, touching potential quantum cloud application space. iv) Real-World
Application of Quantum Computers Increasingly Targeted: Largely, this centers on the opportunity for cloud quantum-
annexed use cases to offer a powerful new approach to resolving problems of high interest. Use cases in climate modeling,
drug discovery, materials science, and other globally impactful fields are fundamental. v) Changes to Industry Attitude:
Not without challenges (workloads, storage, and orchestration are identified as key), interest in quantum cloud computing
is expected to expand both commercially and within the telecommunications sector. Commercially, investments in startups
to improve cloud access to quantum computers, together with growing interest in academic—industry collaborations,
suggest the future may develop a little faster than in the recent past. While other emerging trends show quantum startups
missing out as a result of the COVID-driven boom in quantum investment, new sources of large acted revenues and
increasing competition levels are helping the sector to hopefully "shine more closely than their earliest days." This suggests
a quarter-on-quarter ramp-up of interest, and should the additional cloud platform coverage suggested in "Access-Focused
Developments™” come to fruition, it could support further fortunes for these growing technologies.

6.2. Key Areas for Further Research

Research in quantum-enhanced cloud computing is a new and fast-evolving field with many open problems that could
greatly impact future digital societies. This report has outlined potential future work in critical areas that require innovative
thinking and applications. Given the major outstanding issues with quantum memory and the necessary CPU bursts, as
well as the implementation of long-distance links, scalability is a key challenge. Hybrid quantum access networks and
quantum-enhanced mobile edges should be conceptually designed and implemented, as should quantum repeater and
router equivalents on network backbones. Several areas must be addressed for quantum-enhanced open infrastructure
access to work in an interoperable way: large-scale experimentation and standard protocol development; new scheduling
algorithms at a quantum level; the use of legacy inter-server protocols; interface infrastructure between workstation
infrastructure and quantum gain seal with interference protections for legacy customers; coding and output improvements.
Without scalable physical layers, the quantum cloud seems the best possible path. Experimentation at the work-agnostic
level, along with foundational extensions, is advised. More extensive experimentation with hybrid quantum and classical
systems at higher levels will enable valuable research findings. Examples of applications need to be examined; based on
the specific application, quantum algorithms will need to be advanced. There is much hype around post-quantum security,
so the issue of post- and pre-quantum may be tackled in isolation. Future work relevant to the cloud-driven economy
involves contributions from the academic and industrial communities. Furthermore, the new network and cloud
communities' relevant stakeholders are expected to engage with network and cloud futures. We posit that experimentation
at the quantum cloud infrastructure level using real quantum systems and cloud-adjacent machinery is critical to driving
us further ahead in the quantum computing ecosystem. In this, we provide an understanding of the long-standing quantum
and cloud computing pushes in this field, demonstrated use cases, areas of investigation, architecture, and new and relevant
results. We provide a basis for a more extensible visual cross-community fusion.
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7. Conclusion

In this essay, we aim to inspire the cloud research community to take the lead in exploring such emerging opportunities
of embedding quantum into future cloud systems and services. Some of the cloud-facing quantum-related computing and
platforms have been opened up at different levels but are still very far from the integrated quantum-enhanced solution we
foresee. Now is the time to start developing a clear idea of the quantum technologies, cloud models, resources provision,
and services at a future cloud scale from an industry point of view. We aim to foster the debate of possible technology
advances needed to move towards these integrated cloud platforms and the potential impact of these advancements on
industry operational strategies.

The increasing performance of quantum computers leads research to envision how to take advantage of this high-
performance potential to speed up processors, change hard-coded algorithms in hardware, or develop new quantum-driven
software. This research shows how current quantum chips compare with classical processors of the same franchise, which
in turn could be used in the cloud. Although not suitable for large-scale computations due to imperfect qubits, quantum
accelerators provide advantages over classical accelerators. The main obstacle to overcome is the high error rate per qubit.
To even maintain the current quality of quantum resources offered on cloud service providers’ platforms, we must use at
least seven code/two redundant qubits per data qubit. This leads to huge overheads and shows why large-scale quantum
computing based on actual qubits is not feasible today. The main contribution of this paper is the gained insight into
combining digital and quantum resources in a cloud data center, as we created a new combination of vision applications.
These applications are used to determine various cloud workloads and to show possible areas of interest where cloud
services can improve, such as built-in migration, power management, load balancers, and computational offload.

7.1. Summary of Findings

Today’s cloud platforms deliver high-performance computing and storage resources for a wide range of workloads. This
essay finds that integrating quantum technologies within cloud platforms has the potential to create transformative and
much-needed capabilities for emerging and future workloads. Quantum computing enables future cloud platforms to solve
optimization and machine learning problems with a quantum annealer or a universal quantum computer. While quantum
algorithms for these problems have been known, this research examines them in terms of their relevance to cloud
practitioners. How useful and therefore how dramatic cloud-computing results based on quantum algorithms become
depends on how hard it is to solve a problem classically and how good the quantum computer is. Thus, unreleased industry
trend data are discussed and experimental results with current quantum computers are reviewed from leading cloud
providers.

Although there are no known quantum-ready cloud platforms currently available, these results are indicative of possible
future approaches to integrating quantum technologies with classical computation. However, integrating quantum
computation within classical computation involves significant technical challenges and substantive research questions.
Since quantum computers use radically different technologies to transmit and store information, simple integration with
classical systems is difficult. Consequently, there is likely a multi-year lag before relevant technological and standards
decisions are made that bring quantum computing to practitioners. This essay makes recommendations for cloud platforms
embracing these major technological changes.

7.2. Future Trends

With the passage of time, technology has evolved by leaps and bounds, reaching the era of cloud computing and driving
many new innovative applications in various fields. Thus, it is anticipated that quantum computing will form the cloud in
the near future. In technology, evolution reaches a certain peak, and scientists start to develop an enhanced version of the
model. Quantum technology could also lead to the revamping of the existing five cloud models: public, private,
community, hybrid, and multi-cloud. It is highly anticipated that industries will start offering quantum-as-a-service, which
includes quantum-classical hybrids, changing the existing cloud models to five more advanced cloud models. This will
increase the availability of quantum platforms for researchers, businesses, and industries in the same way that available
quantum computers from existing players do. On the positive side, industrialists will work on this novel concept for
monetization, whereas, with more insight, computer scientists belonging to classical and quantum domains may think of
establishing collaboration. Therefore, both industry and academia, including scientists and researchers, hold the future of
these emerging cloud platforms. On the negative side, quantum computing may prove to be Pandora's box for colossal
societal challenges in terms of digital healthcare, air pollution, and privacy contraventions, for instance.

Extrapolating from Quantum Platform prototype development, advanced versions of Quantum Platform will enable one
to investigate a wide range of quantum algorithms and practices that have not yet been exploited. In the future, quantum
computing capabilities will be utilized for solving classical computing problems. This means that traditional computing,
along with quantum capability, will provide an optimal solution. Instead of a standalone quantum computer, a quantum
accelerator for operation is highly preferred in the future. A study involving IT and business executives and technologists
worldwide found that a significant percentage of participants perceive quantum computing as valuable for solving
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guantum-classical computing problems, and a notable portion of the rest are interested in learning more about it. Quantum
science is motivated by a thirst to learn more about our cosmos and the possibilities for computation at a given time.
Classification learning is one such example, proving that quantum theory can, in principle, recognize whether a machine
is in one class or another.
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