[JQCAI
International Journal of Quantum Computing and Artificial Intelligence
ISSN: XXXX-XXXX / Volume 1 Issue 1 October-Decmber 2025 / Page No: 01- 10
Paper Id: IJQCAI-V1I1P101
Original Article

Integration of Quantum & Classical Processors for Hybrid
Computing

Aiman Lamesehal, Prof. Dr. Ashraf Uddin2
' PG Research Scholar, Bangldesh University of Engineering and Technology, Bangladesh.
? Department of Computer Applications, Bangldesh University of Engineering and Technology, Bangladesh.

Received Date: 12 Sep 2025 Revised Date: 22 Sep 2025 Accepted Date: 1 Oct 2025

Abstract: Computers are changing swiftly, which has brought us to a new era where the flaws with classical
computing are becoming clearer and clearer. Problems are getting so hard that even the most powerful regular
supercomputers can't solve them. This is true in fields like cryptography, drug development, materials research, and
logistics optimisation. Quantum computing might be a good choice because it can execute a lot of calculations at once
using quantum effects like superposition and entanglement. However, modern quantum systems, which are frequently
called Noisy Intermediate-Scale Quantum (NISQ) devices, have a lot of issues, like not having enough qubits, having
short coherence times, and making a lot of mistakes. Because of these issues, it will be hard to construct fully
functional, stand-alone quantum computers in the near future. Hybrid computing models are a smart solution to
bridge the gap between traditional and quantum capabilities. These models use both quantum and regular processors
in a way that lets them work together, with each part doing the job it is best at. In a typical hybrid system, classical
processors are in charge of optimising routines, data preprocessing, and control flow. Quantum processors, on the
other hand, handle some computational subroutines that perform better when quantum speedup is used. This
integration makes it easy to create and apply valuable quantum algorithms like the Quantum Approximate
Optimisation Algorithm (QAOA) and the Variational Quantum Eigensolver (VQE). These algorithms need quantum
circuits and classical optimisers to operate together again and over again.

This article goes into great detail about how quantum and classical computers can work together to make hybrid
computing. It looks at several types of architecture, like co-located and cloud-based systems, and investigates the
communication frameworks, software development kits (SDKs), and orchestration layers that make these function.
Quantum machine learning, cryptography, and optimisation are some of the most important areas where hybrid
systems could be used in the actual world. The report also talks about the issues that come up with latency, making
sure software works with other software, scaling, and lowering errors. The hybrid method is more than simply a quick
fix; it's a model for how computers will work in the future. It helps developers, scientists, and others in the field test
quantum algorithms on current infrastructure as they wait for better quantum systems to come out. As quantum
hardware and software ecosystems change, hybrid computing will be a big part of the future of high-performance,
quantum-accelerated computing.

Keywords: Quantum computing, classical computing, hybrid computing, QPU, CPU, QAOA, VQE, quantum-classical
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I. INTRODUCTION

The amount of data is expanding at an exponential rate, and the challenges in science, business, and society are
getting harder and harder to solve. This has pushed classical computing to its limits. Moore's Law and Dennard scaling are
two examples of physical and thermodynamic laws that are making it harder for classic architectures that use silicon
transistors and binary logic to work. These systems have always been able to constantly improve performance, but their
ability to handle challenging jobs like protein folding simulations, large-scale optimisation, and cryptography analysis is
starting to level out. Because of this performance issue, scientists are looking into new types of computing that can do things
that regular computers can't. Quantum computing is one of the most promising new forms of computers that could be made
in the future. Quantum computers use qubits instead of regular bits. Quantum mechanics is the basis behind this. These
qubits can be in more than one state at once and get tangled up with each other. This helps quantum systems accomplish
some maths much faster than classical systems. There are two instances of how quantum computing could be enhanced in
theory: Shor's method for factoring integers and Grover's technique for searching through unsorted databases. Quantum
computing has a lot of potential, but it's still rather young in practice. Quantum computers today, which are frequently called
Noisy Intermediate-Scale Quantum (NISQ) devices, have a lot of big difficulties. For example, they are very susceptible to
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noise, have few qubits, and don't stay coherent for very long. This means that it is not possible to execute quantum
algorithms on a big scale that can handle errors.

These difficulties have made hybrid quantum-classical computing a useful and scalable choice. Quantum computers
are not replacing classical computers; they are being added to them. Each type of processor does the best job at the tasks that
it is built to do. In a system like this, classical processors normally handle the bigger picture tasks, such as memory storage,
fixing errors, and logic flow. Quantum processors, on the other hand, are only employed for certain jobs that quantum
speedup can make go faster, such figuring out eigenvalues or taking samples from complicated distributions.

Even if the hardware isn't complete yet, this coupled paradigm enables individuals use quantum characteristics now.
The Variational Quantum Eigensolver (VQE) and the Quantum Approximate Optimisation Algorithm (QAOA) are two
examples of top quantum algorithms that use this mixed method. These algorithms use classical optimisation methods to
adjust the settings of quantum circuits over and over again. This forms a feedback loop between quantum and classical
processors. The end result is a strong synergy that combines the best of both worlds: quantum parallelism and classical
strength. More and more, both schools and businesses are utilising the hybrid model in real life. Some of the top computer
companies that have made hybrid computing frameworks and platforms are IBM, Google, Amazon, and Microsoft. Some of
the greatest software development kits (SDKs) for running hybrid quantum workflows are IBM's Qiskit and Runtime
services, Google's Cirq, and Amazon's Braket. These frameworks feature APIs that let classical apps call quantum circuits,
verify their outputs, and modify settings in real time based on what they find. At the same time, cloud access to quantum
hardware makes this integration more easier, making hybrid computing available to developers and researchers all around
the world.

When it comes to architecture, there are two primary kinds of hybrid systems: those that are co-located and those that
are in the cloud. In co-located systems, quantum and classical computers are in the same place to minimise latency and boost
throughput. But engineers find this system very difficult to deal with, especially when it comes to keeping the quantum
processors at the very low temperatures they need. Cloud-based solutions, on the other hand, keep quantum and regular
resources distinct. You can get to quantum processing units (QPUs) over the internet, but classical processes happen either
on your own computer or on the cloud. This model is more flexible and can grow, but it also adds delays in communication
that might make algorithms that need to run several times slower. When you try to mix quantum and classical systems, you
run into a lot of technical challenges. These include making sure the program works together, splitting up jobs, dealing with
latency, and lowering quantum mistakes. Hybrid computing offers a lot of potential for real-world uses, even if it has certain
limitations. This idea is already useful in areas like quantum chemistry, optimisation, financial modelling, machine learning,
and cryptography. Hybrid computing is not just a step towards fully functional quantum computers, but it is also a
permanent way of doing things in which quantum processors cooperate with classical systems to achieve computing goals
that were thought to be impossible before.

This article talks about the present state, architectural designs, usage, difficulties, and future of hybrid computing. It
seeks to present a complete picture of how quantum and classical processors could function together to suit the needs of 21st-
century computing by looking at the frameworks, hardware models, and real-world examples.

II. REVIEW OF LITERATURE
It's a major deal that computers now have both quantum and conventional processors. In quantum information
science, hybrid computing might be a means to get from where we are today to where we want to be in the future. This
summary of the literature covers the history of quantum-classical integration, basic algorithms, contemporary architectural
models, and recent events. It shows that hybrid computing is used in a lot of different areas and that it can be helpful in a lot
of different ways.

A. Background and Historical Context

Early research on quantum computing, especially by Feynman in 1982 and Deutsch in 1985, showed that quantum
mechanical systems might be better at mimicking natural processes than classical systems. In theory, Shor's (1994)
polynomial-time factoring method and Grover's (1996) database search algorithm revealed that quantum computers could be
better than conventional computers. This made many curious about quantum computing. But it quickly became evident that
it would be exceedingly impossible to develop large-scale quantum computers that worked well due of issues like error
correction, decoherence, and qubit scalability. To solve these challenges, scientists come up with models that combine
quantum and classical physics. These models combine the greatest features of both platforms. The Variational Quantum
Eigensolver (VQE) came forth because of the underlying work done by Peruzzo et al. in 2014. This employs a parameterised
quantum circuit that has been optimised in the usual way. Farhi et al. (2014) came up with the Quantum Approximate
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Optimisation Algorithm (QAOA), which proved that classical feedback loops may be utilised to improve quantum subroutines
over time for combinatorialProblems. These variational techniques let you examine more closely at hybrid computing setups.

B. Different Types of Architecture Models for Hybrid Computing

In a hybrid computing architecture, a quantum processing unit (QPU) commonly works with a classical processing
unit (CPU or GPU). McClean et al. (2016) say that hybrid systems use classical controllers to set the settings of the quantum
circuit, read the outputs, and improve tasks depending on feedback from quantum measurements. These systems can be
employed in co-located designs, where quantum and classical systems are very close to each other, or in cloud-based models,
where classical computers talk to quantum hardware that is far away. LaRose et al. (2019) illustrate that these arrangements
have both good and bad points, especially when it comes to how long it takes to send and receive data. Co-located models
have reduced latency, but they are tricky to employ since superconducting qubits need to be stored at very low temperatures.
Cloud-based solutions are easy to reach and can grow with your needs, but they can slow down performance because of
network delays.

C. Middleware and Software Frameworks

To get quantum and classical processors to perform well together, you need strong software development
environments. There are now a number of frameworks that help quantum and classical systems work together by masking
the details of the hardware. Qiskit from IBM is a full-stack SDK that works with both types of workflows. This means that
quantum circuits can be called and changed by regular Python programming. Like this, Google's Cirq, Microsoft's Q#,
Amazon's Braket, and Xanadu's PennyLane all let you make hybrid algorithms that function on different quantum backends.
TensorFlow Quantum is an extension of TensorFlow for quantum machine learning that was made by Broughton et al.
(2020). It enables you add quantum circuits to traditional neural networks as layers that can be differentiated. You can use
gradients to improve quantum circuits with these frameworks. This is a key aspect of training variational quantum models in
hybrid setups.

D. Uses in Science and Business

Before hybrid computing, it was assumed that computers couldn't be used in certain fields. Quantum chemistry has
been a big focus because it's challenging to model molecular systems. Kandala et al. (2017) revealed how to use VQE to figure
out the ground state energy of simple molecules. This proved how strong hybrid models may be. Woerner and Egger (2019)
employed QAOA to come up with quantum algorithms for finance tasks like portfolio optimisation, risk analysis, and pricing
derivatives. Researchers are also investigating on hybrid quantum-classical models for data classification, generative models,
and kernel-based methods in the field of machine learning. Schuld and Killoran (2019) set the stage for quantum embeddings
in classical models, which made learning using quantum-enhanced models conceivable.

E. Problems and Questions That Are Still Open

Hybrid computing still has several issues, even though it has gotten better. Preskill (2018) talks on how the current
generation of quantum hardware, known as NISQ devices, has issues with noise, decoherence, and limited qubit connectivity.
Because of these hardware difficulties, quantum circuits are less deep and less dependable, therefore they need classical
intervention and error correction procedures more often. Task partitioning is still a huge challenge. It can be challenging to
know which parts of a problem should go to quantum processors and which should go to traditional processors. Also, the
hybrid execution paradigm makes things harder because quantum and conventional computers have to talk to each other a
lot. This is especially terrible for algorithms that need to execute many times. Finally, uniformity across platforms is still a
work in progress. Holmes et al. (2020) state that cross-platform development is still complex because of diverse APIs,
hardware topologies, and compiler infrastructures. Because of this fragmentation, it's tougher to develop hybrid apps that
can run on a lot of devices and grow as needed.

F. What to Do Next

Future research in hybrid computing should focus on better ways to prevent quantum errors, more effective ways to
build hardware and software together, and better ways to organise everything. Quantum co-processors are becoming more
and more popular. They can be added to classical high-performance computing systems. This lets people interact with
minimal latency and high bandwidth. Also, work on quantum simulation, secure quantum cloud protocols, and domain-
specific compilers will likely make it easier to make powerful hybrid apps. For now, hybrid computing is likely to be the most
essential approach to accomplish quantum computing. It not only makes quantum experiments viable today, but it also sets
the foundation for quantum supremacy in specific computer activities in the future.

III. METHODOLOGY
This study employs a qualitative-analytical approach to look into and combine the several ways that hybrid quantum-
classical systems have been used in the past. A purely empirical approach wouldn't be able to acquire all the information
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needed because quantum computing is continually changing and there aren't many large-scale, real-world deployments. This
study, on the other hand, adopts a triangulated method that incorporates framework analysis, architectural appraisal, and in-
depth case studies. The goal is to present a full picture of how hybrid models are being used right now, what technology
makes them possible, and which industries are actively testing what they can achieve. Framework analysis is the initial
method of study. It looks at the finest quantum programming environments and software development kits (SDKs) that can
be used for hybrid execution. Some of these are Cirq (by Google), Qiskit (by IBM), and PennyLane (by Xanadu). All of these
platforms have their unique features and abstractions that help quantum circuits and classical processing layers work
together more easily. For instance, Qiskit offers a hybrid execution module that helps traditional methods like gradient
descent improve variational quantum circuits. Its aqua and algorithm parts make this possible. You can also use PennyLane
to add quantum circuits to classical machine learning pipelines that use PyTorch or TensorFlow. The study looks at the code
structure, documentation, and supported quantum backends to see how each framework makes hybrid execution easier and
where there are still challenges.

The second section is a look at the architecture of the quantum-classical hardware models that are now on the market.
This review will look at system designs, ways to integrate them, and places where they might be used. This review looks at
public documents and research publications that compare commercial and experimental quantum processors, such as IBM's
Q series (Falcon, Eagle), Rigetti's Aspen series, and D-Wave's Advantage system. These systems have distinct architectures
for quantum processors (for example, superconducting qubits vs. annealing) and different ways of connecting traditional
processors. IBM's cloud-based solution needs classical computers to be able to connect to QPUs from a distance. On the other
hand, Rigetti's QCS (Quantum Cloud Services) seeks to cut down on latency by putting quantum and classical units in the
same cryogenic infrastructure. This study helps us compare the present quantum-classical integration models in terms of
latency, scalability, and reliability.

The third way is case studies based on how things are done in the real world right now in areas like optimisation,
machine learning, and quantum simulation. These areas are the finest for hybrid approaches since quantum variational
algorithms function well with them. For instance, the Variational Quantum FEigensolver (VQE) is a typical technique in
quantum chemistry for calculating the ground-state energies of molecules. To make the wave function, you require a
quantum circuit, and to lower the predicted energy values, you need a classical optimiser. This study looks at published
results that employed VQE to mimic hydrogen, lithium hydride, and beryllium hydride and compares them to standard
benchmarks. Researchers have also tested quantum classifiers that use hybrid quantum-classical neural networks on datasets
like MNIST and Iris. These case studies show how effectively hybrid systems operate, how easy they are to scale up, and how
beneficial they are in real life.

The table below compares the technological focus, integration approach, and application domain of each platform or research
that was looked at:

Technology/Platform Type Integration Strategy Primary Domain Hybrid Capability
IBM Q (Qiskit) Gate-based QPU Cloud-based hybrid Chemistry, VQE, QAOA, Neural
execution Optimization Networks
Rigetti Aspen (QCS) Gate-based QPU Co-located CPU-QPU Logistics, Finance QAOA, Variational
Classifiers
D-Wave Advantage Quantum Hybrid Solver Service Optimization Quantum Annealing +
Annealer CPU
PennyLane Quantum ML Backend-agnostic, cloud- Machine Learning Differentiable QNodes
SDK based
Google Cirq Gate-based QPU Integration with Algorithms, Circuit Parametrized Circuits
SDK TensorFlow Design

This matrix highlights how different hybrid techniques might be and how each architecture balances performance,
accessibility, and control granularity. This study fills in the gaps between theory and practice by looking at hardware
architecture, framework analysis, and real-world application assessment.

This plan also makes it easy to spot faults and patterns that appear in all implementations. It also illustrates emerging
trends in hybrid computing, like how more people are employing co-processing models and how vital it is to make it easier
for quantum and conventional computers to talk to each other. The software layers and execution models that make hybrid
workflows possible will also grow better as quantum technology gets better. This multi-dimensional qualitative analysis helps
us understand the current state of the area better and find gaps that need to be filled with new research and ideas. To put it
simply, this plan makes sure that both the theoretical ideas and the actual technologies of hybrid quantum-classical
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computing are studied in depth. It helps put together a whole picture of how integration is happening now, what tools are
making it possible, and where it's functioning best in the real world.

IV. ARCHITECTURE OF HYBRID SYSTEMS

In the current Noisy Intermediate-Scale Quantum (NISQ) era, it is vitally crucial to build hybrid quantum-classical
systems that work well. Quantum Processing Units (QPUs) and Classical Processing Units (CPUs/GPUs) work together in
these systems. QPUs can leverage quantum effects like superposition and entanglement, while CPUs/GPUs do tasks like logic,
optimisation, and orchestration. The integration makes it possible for complex algorithms, such variational quantum
algorithms, to run by sending quantum subroutines to QPUs and using classical systems to improve them over and over
again. There are two basic types of integration models: co-located systems, which put quantum and classical processors close
to one other to reduce latency, and cloud-based systems, which use remote access APIs to connect classical front-ends to
QPUs that are far away. When it comes to latency, scalability, and hardware needs, each model has its own set of benefits and
cons. Orchestration layers like Qiskit Runtime and TensorFlow Quantum also let diverse pieces work together smoothly,
which is what makes hybrid workflows viable. This section talks about the physical and logical structures that make up these
architectures. There are two main ways to put things together:

A. Putting Everything Together in the Same Place

Co-located integration is a sort of hybrid quantum-classical architecture in which the Quantum Processing Units
(QPUs) and Classical Processing Units (CPUs/GPUs) are very close to each other, sometimes on the same chip or in the same
cryogenic infrastructure. A lot of people are talking about this design style because it can speed up the time it takes for
quantum and classical sections to talk to each other. This is particularly crucial for how well hybrid algorithms like the
Quantum Approximate Optimisation Algorithm (QAOA) and the Variational Quantum Eigensolver (VQE) work.

The best thing about co-located integration is that it might make feedback loops with very little delay possible. Many
hybrid quantum-classical algorithms rely on a tightly connected execution cycle. The quantum processor builds and measures
a quantum state, sends the results to a classical processor for assessment and optimisation, and then updates the quantum
circuit with new parameters. When this loop has a lot of delay, which happens a lot in cloud-based settings, the algorithm's
overall efficiency and speed of convergence go down. When developers put QPUs and CPUs near together, they may talk to
one other in nanoseconds or microseconds instead of milliseconds. This makes real-time performance much better. Co-
located integration makes things work better, but it also makes engineering a lot harder. Most QPUs, especially those that use
superconducting qubits, require to be kept very cold, at temperatures close to 15 millikelvin. CPUs and GPUs, on the other
hand, perform best at room temperature or a little bit hotter. To close this temperature gap, you require sophisticated
cryogenic interfaces and high-tech packaging technologies. New research is focused on creating classical processors that can
work in very cold temperatures or shifting some classical control tasks to specialist chips that can also work in very cold
temperatures. Companies like Rigetti Computing have made advances in this area with their Quantum Cloud Services (QCS)
platform, which uses FPGAs and regular CPUs in the cryostat to speed up signal processing.

Co-located integration offers both good and bad points when it comes to scalability. On the other side, the robust
connectivity makes it easier to quickly prototype and test hybrid workloads. On the other hand, it keeps the heat from
escaping too much because heat from classical parts could change the stability and coherence times of qubits. These
constraints might make it harder to use classical resources in the cold environment. This will change how scalable the
solution is in terms of how much computing power it can handle. You should also worry about safety. The QPU and CPU
interact to each other inside a closed hardware system, hence co-located architectures may be less vulnerable to attacks than
cloud-based or dispersed systems. But they also make it more vital to have security measures at the hardware level, especially
when quantum processors are utilised for sensitive tasks or embedded into edge devices.

To sum up, co-located integration could be a means to execute high-performance hybrid computing, especially for
programs that need fast, repeated processing. But because cryogenic engineering, heat management, and miniaturisation are
so hard, it is typically only used in experimental or proprietary systems. As technologies like cryo-CMOS and on-chip
quantum control electronics improve, designs that are close to one other will undoubtedly become more frequent. This will
open the door for the building of future generations of quantum-classical computer systems that work together.

B. Cloud-based integration

Cloud-based integration is the most common and commonly utilised method for hybrid quantum-classical computing.
This is especially true in schools and organisations where quantum hardware is hard to access to. In this case, regular
processors, which are commonly found on local PCs, edge devices, or cloud-based servers, are in responsible of managing
and coordinating the entire operation. On the other hand, quantum processes are done on Quantum Processing Units (QPUs)
that are far away and accessed using cloud APIs. IBM, Google, Amazon Braket, and Microsoft Azure Quantum are just a few
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of the firms that have created platforms that let customers submit quantum circuits, acquire measurement results, and
execute classical post-processing from practically anywhere. The nicest part about this model is that it can grow and is easy
to get to. Researchers, developers, and enterprises can employ powerful quantum processors without needing to buy or set
up expensive cryogenic systems. This makes quantum computing easier for everyone to use and speeds up the pace of new
ideas in areas like finance, machine learning, logistics, and pharmaceuticals. The cloud-based technique also has elastic
compute resources, which means that classical processing tasks can grow or shrink depending on how much work they have
to do.

The design usually includes a software orchestration layer with development kits, APIs, and middleware that lets
classical and quantum resources talk to each other. Qiskit Runtime, Cirq, and TensorFlow Quantum are all great frameworks
for keeping track of scheduling, compiling circuits, submitting jobs, and getting back quantum execution results. These
orchestration layers often have asynchronous task queues and job schedulers to deal with the delay that occurs with cloud
connections, which can be tens to hundreds of milliseconds. This way of thinking does have some problems, though. Latency
and communication overhead are the biggest problems, especially for algorithms that have to transfer signals back and forth
between the classical and quantum sides of the system. When a hybrid algorithm runs, it might send data to the quantum
backend, execute a quantum circuit, and then get the result back before making a classical update. In cloud environments,
this feedback loop adds a lot of time delays that might slow down the convergence of algorithms and the computer's overall
efficiency.

Security is another crucial component of cloud-based integration. Cyber threats like man-in-the-middle attacks, data
interception, and API weaknesses could hurt quantum tasks and classical data because they are exchanged over networks.
Cloud providers must utilise strong encryption, authentication, and access control mechanisms to keep hybrid workflows
safe. Many cloud-based models also leverage multi-tenant quantum systems, which means that users can be sharing real
quantum resources with other people. This makes it tougher to assign resources, queue jobs, and make sure that everyone
utilises them properly, especially as more people join. Cloud-based integration is still a good choice for most modern apps,
even with these issues. It can be tested quickly, works with a lot of different hybrid software tools, and is a good fit for the
trend of distributed computing in modern IT systems. To alleviate latency problems, many platforms are undertaking pre-
processing on edge devices, increasing bandwidth, and even testing quantum communication protocols that work from the
edge to the cloud.

In the end, cloud-based integration might make things slower and less secure, but it's a good approach to accomplish
hybrid computing that can grow. Cloud-based architectures are projected to become more reliable and efficient as quantum
networks and communication protocols improve. This will make it easier for more fields to employ hybrid quantum-classical
models.

V. ISSUES WITH OPTIMISATION

One of the best things about hybrid quantum-classical computing is that it could help solve complex optimisation
problems. These include things like controlling traffic in smart cities, making the best use of portfolios in finance, managing
the logistics of a supply chain, and planning jobs in big industrial operations. These problems are often particularly hard for
computers to solve since they have so many combinations. Because of this, they are great for quantum-assisted solutions.
Researchers have come up with hybrid algorithms like the Quantum Approximate Optimisation Algorithm (QAOA) and the
Variational Quantum Eigensolver (VQE) that use quantum mechanics to find the best or almost best results. These
algorithms run in a loop. The quantum processor creates a quantum state and assesses the results. Then, based on the
results, the classical optimiser alters the settings. The system can find answers more easily when it uses both classical and
quantum approaches together.

For instance, QAOA can help you figure out the ideal asset allocations for your portfolio that will provide you the
maximum return while keeping your risk as low as possible, based on your budget and government guidelines. Quantum
processors look at more than one configuration at once, while regular parts score and check for convergence. This mixed
method makes it faster to find solutions and better results, especially when working with large datasets. People are already
trying things out in the real world. Companies like Volkswagen and D-Wave have looked exploring how to use hybrid
quantum technologies to make traffic flow better. These systems can produce better predictions about traffic congestion and
better strategies to get around them by putting real-time traffic data into quantum circuits and running through classical
updates over and over again. People have also used hybrid scheduling technologies to set up aeroplane crews, distribute
hospital resources, and run manufacturing lines.

The main problem is still that you can't make hardware bigger and qubits aren't very stable. But as quantum
processors get more dependable and orchestration frameworks improve, hybrid optimisation is expected to become more
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accurate and cover more terrain. This technique is not meant to entirely replace classical optimisation. Instead, it is meant to
work with it in places where quantum speed-up can provide us a large gain in computing capability.

A. Quantum Machine Learning (QML)

Quantum Machine Learning (QML) is a new field that is growing swiftly. It uses both quantum computers and Al.
Hybrid quantum-classical systems are the best choice for this sector because they combine the data processing power of
classical processors with the unique mathematical and computational abilities of quantum systems. In these kinds of systems,
traditional processors normally do the work of preparing data, extracting features, and optimising. Quantum processors, on
the other hand, use quantum mechanics to do things like changing or calculating high-dimensional vector spaces. The most
well-known methods in QML are Variational Quantum Classifiers (VQC), Quantum Support Vector Machines (QSVM), and
Quantum Neural Networks (QNNs). These models commonly use parameterised quantum circuits, which are also termed
quantum layers. These circuits are trained in a loop with classical optimisers like gradient descent. Every time the
conventional processor runs, it checks a cost function and modifies the settings on the quantum circuit. This creates a mixed
feedback loop that is similar to the training cycles used in classical deep learning.

TensorFlow Quantum from Google and PennyLane from Xanadu are two platforms that help developers construct
hybrid models that operate well with popular machine learning tools like TensorFlow and PyTorch. You can use these
platforms to create quantum circuits that are part of a larger machine learning pipeline. This indicates that quantum
computing can be used for things like sorting photos, predicting time series, and detecting strange things. One possible
benefit of QML is that it can work with and display data in very big Hilbert spaces. This could help people learn more quickly
when they are trying to figure out difficult patterns or problems with a lot of dimensions. For example, quantum-enhanced
kernels in support vector machines have been demonstrated to make classification more accurate and models more
generalisable when applied on some datasets than classical kernels. There are still issues to work out, though. There isn't
enough quantum data (data that is naturally represented in quantum states), there aren't enough qubits, and decoherence all
make it impossible to use and scale up in many scenarios. Even with these issues, machine learning hybrid quantum-classical
models are becoming stronger through small-scale hardware tests and experiments based on simulations. QML is predicted
to have a large impact on drug research, predicting the future of finance, cybersecurity, and autonomous systems as quantum
technology and software improve.

B. Simulating Materials

Material simulation is one of the most helpful and scientifically important things that hybrid quantum-classical
computing can do. Quantum mechanics tells us how materials act on the atomic and molecular levels. It is very hard for
classical computers to accurately model topics like chemical bonding, electronic structure, and reaction kinetics since
quantum systems are so much more intricate. Hybrid architectures seem like a promising solution since they use both
regular computers and quantum processors, which can model quantum states more naturally and effectively. In hybrid
material simulations, Quantum Processing Units (QPUs) are in charge of solving small but hard quantum subproblems.
Finding the ground-state energy of molecules or simulating electronic transitions are two of these issues. People typically use
methods like the Variational Quantum Eigensolver (VQE) to identify the eigenvalues of Hamiltonians that describe molecular
systems. We can use these numbers to make guesses about how stable, reactive, and conductive a molecule is. The quantum
circuit creates a test wavefunction and then evaluates its energy. The traditional optimiser then keeps changing the settings
to minimise the energy.

At the same time, Classical Processing Units (CPUs and GPUs) handle the more complex simulation tasks, such as
molecular dynamics, visualisation, and putting results into larger physical models. This split lets hybrid systems mimic
bigger molecules or more complex materials than quantum or classical systems could do on their own. Right now, you can't
use a quantum computer to simulate an entire protein, but hybrid systems could be able to show active areas in enzymes and
use that information in regular molecular dynamics simulations. Companies in industries like medicines, energy, and
materials engineering are looking into hybrid simulations. For example, IBM, BASF, and Cambridge Quantum Computing
have all shown quantum-assisted models that can imitate chemicals that are involved in carbon capture, battery design, and
pharmaceutical interactions. These early tests were limited in scope, but they suggest that hybrid systems could make the
research and development process go much faster.

There are still significant issues, largely because of noise from the hardware, short coherence intervals, and not
enough qubits. But QPU fidelity and hybrid orchestration frameworks are getting better all the time, which opens up more
and more options. As these technologies improve, hybrid computing is expected to open up new fields of materials science,
making it possible to make breakthroughs that were earlier too hard to compute.
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C. Cryptography

Because of quantum computing, cryptography is incredibly crucial right now. It is a key aspect of digital security.
Hybrid quantum-classical computing can be a threat to current encryption methods, but it can also be a strong way to make
cryptographic methods better. Shor's technique and other ways could one day let large-scale quantum computers break
widely used public-key cryptosystems like RSA and ECC. But hybrid systems are making it possible to build and test new
cryptographic models that are immune from quantum assaults. One of the most important new technologies in this field is
Quantum Key Distribution (QKD). It uses quantum properties including the no-cloning theorem and quantum entanglement
to deliver encryption keys safely. In hybrid systems, regular systems handle things like network infrastructure,
authentication, and routing data. Quantum keys are made and sent out by QPUs (or dedicated quantum channels). In the
end, the infrastructure has the same scalability as regular networks plus the theoretical security guarantees of quantum
physics.

Post-quantum cryptography (PQC) is another field that uses hybrid computing. It is the research and creation of
cryptographic algorithms that are safe against both classical and quantum attackers. We use classical processors to mimic
quantum attacks and quantum circuits to test how strong and useful different PQC protocols are. For example, researchers
are using hybrid computational models to see how well lattice-based cryptographic approaches and multivariate polynomial
cryptosystems can stand up to quantum decryption methods. Also, hybrid systems speed up cryptographic operations like
making keys, checking hash functions, and digital signatures by shifting hard arithmetic problems like factorisation and
discrete logarithms to quantum computers. Even while current hardware renders full-scale cryptographic applications
impossible, these hybrid prototypes provide us a notion of performance benchmarks and probable ways to implement them
in the future. The National Institute of Standards and Technology (NIST) and other entities are already working on programs
to make post-quantum algorithms the same for everyone. A lot of these applications employ more than one way to test
things. By combining classical and quantum processors, researchers can make layered security solutions. This way, they can
be sure that their systems will be safe in a world when quantum computers are widespread.

Hybrid systems will likely become the best way to keep global communications, digital identities, financial
transactions, and national security systems safe as quantum technology grows better.

VI. CHALLENGES IN INTEGRATION
When you try to mix quantum and traditional computers into a single hybrid computing architecture, you run into a
lot of technical and systemic challenges. The best thing about hybrid systems is that they could be able to use the best parts of
both types of computers. But in order for this to happen, there are major issues with communication, interoperability, error
resilience, and scalability that need to be fixed. Each of these things is a big problem that needs to be fixed for them to be
used widely and work better.

A. Delay in Communication

One of the most important things about hybrid quantum-classical algorithms is that they run in an iterative execution
loop. In this loop, classical processors execute quantum circuits and process and update the results. These messages that go
back and forth all the time demand channels with a lot of bandwidth and little delay. Latency is a key barrier for performance
in cloud-based architectures where quantum processors can be accessed remotely using APIs. After you submit a circuit, it
could take a long time to acquire results. This could make hybrid solutions a lot less helpful, especially in situations where
time is critical, like optimisation and making decisions in real time. Some of these issues can be solved by co-located systems,
but they also make engineering harder, especially when it comes to keeping quantum hardware very cold.

B. Works with Software

The software stack for hybrid computing is still highly broken up. Unlike classical computing, which has well-
established standards like POSIX and OpenCL, there is no one programming language or API that everyone agrees on for
hybrid quantum-classical integration. Some of the most prominent platforms include Qiskit (IBM), Cirq (Google), and
PennyLane (Xanadu). They all have distinct ways of writing code, working with it, and getting to devices. Because there is no
standardisation, it is harder to create for several platforms, abstract hardware, and understand for developers. Because of
this, researchers and developers often have to adapt their codebases to operate with certain backends. This slows down
innovation and makes it tougher to move code around.

C. Fixing mistakes

Quantum computers are naturally weak due of quantum decoherence and gate errors. If quantum circuits don't have
full error correction, they need to be thin and run on short timescales. Adding ways to reduce errors, like zero-noise
extrapolation, randomised compilation, or probabilistic error cancellation, to hybrid processes is not easy. These methods
require extra labour and frequently require running the same quantum circuit many times for statistical analysis. Classical
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processors help make these changes better and put them into action, but it's still challenging to discover a good approach to
fix errors that can be employed on a broad scale, especially in noisy intermediate-scale quantum (NISQ) devices.

D. How to Make It Larger

The hybrid orchestration layer needs to evolve along with quantum processors as they get better and better, going
from a few dozen to maybe thousands of qubits. This includes scalable memory allocation, quantum task queuing, classical
optimisation methods, and ways to correct faults. A key design concern is making sure that these layers can grow without
costing too much or taking too long. Also, hybrid processes will need to execute at the same time and with more than one
user, which makes resource management and architectural design even harder.

Table 1: The main problems and effects of mixing quantum and classical systems

Challenge Description Impact on System Current Mitigation
Communication Delay due to remote execution or Slows iterative hybrid Co-located hardware, faster APIs,
Latency hardware separation algorithms edge computing
Software Lack of standardization across Inhibits portability and Development of intermediate
Compatibility SDKs and languages increases complexity layers and open standards
Error Correction Quantum noise and decoherence Limits circuit depth and Noise-aware compilation,
affect circuit fidelity result reliability classical post-processing
Scalability Increasing resource demands as Risk of bottlenecks in Distributed orchestration,
quantum systems grow orchestration layers modular software frameworks

The underlying ideas behind hybrid computing are strong, but to make it function in the real world and on a big
scale, software engineering, systems architecture, and quantum hardware need to keep becoming better. There are a number
of difficulties that need to be overcome before hybrid computing may go from research labs to corporations and industries.

VIII. CONCLUSION

A hybrid computing architecture that uses both quantum and classical processors is a big step forward in the
development of computing power. As businesses and research fields deal with problems that are getting harder and need
more resources, classical computers pertain to finding quick and scalable answers. It looks that hybrid quantum-classical
systems are a good compromise. They can employ the probabilistic and high-dimensional features of quantum physics along
with the deterministic speed and memory capacity of classical structures. The point of hybrid computing is to give jobs to
different computers. Quantum processors are used for things that need qubit manipulation, such as superposition,
entanglement, and quantum parallelism. Classical processors do things like optimisation, data preprocessing, control logic,
and analysis after measurement. Researchers can now start to solve a set of problems that were thought to be impossible to
answer using just conventional methods like optimisation, machine learning, simulation, and cryptography.

These new breakthroughs are good news, but there are still a lot of large difficulties that need to be fixed before
hybrid computing can be utilised by a lot of people. Communication delay is still a huge challenge, especially in cloud-based
systems where classical processors have to talk to quantum devices that are far away. Quantum circuits are still less deep and
dependable because of quantum noise and decoherence. This means we need good solutions to rectify and stop mistakes. The
development ecosystem is also less united because there aren't any common software frameworks or APIs. This slows down
progress and makes it tougher for different hardware and software manufacturers to work together. Physicists, computer
scientists, engineers, and software developers will need to work together to design systems that are strong and adaptable to
fix these issues. Companies like IBM, Google, and Rigetti, as well as open-source groups that work on platforms like Qiskit,
Cirq, and PennyLane, are particularly crucial for pushing forward innovative ideas in hybrid quantum-classical systems.

This approach of doing computing will likely become the most prevalent in the near future as quantum technology
improves and hybrid frameworks get more complicated. It will fill the gap between the restrictions of conventional
computers and the long-term promise of quantum computers that can fix all problems. To fully exploit the potential of hybrid
computing and usher in a new era of computational efficiency and problem-solving ability, research, cross-platform
integration, and algorithm development must continue to get financing.

IX. REFERENCES
[1] Arute, F,, et al. (2019). Quantum supremacy using a programmable superconducting processor. Nature, 574(7779), 505-510.
[2] Preskill, J. (2018). Quantum computing in the NISQ era and beyond. Quantum, 2, 79.
[3] Bharti, K, et al. (2022). Noisy intermediate-scale quantum algorithms. Reviews of Modern Physics, 94(1), 015004.
[4] Schuld, M., & Petruccione, F. (2018). Supervised Learning with Quantum Computers. Springer.
[5] Cerezo, M., et al. (2021). Variational quantum algorithms. Nature Reviews Physics, 3(9), 625-644.




(6]
[7]

(8]
[9]

[10]
[11]
[12]
[13]

[14]
[15]
[16]
[17]
[18]

[19]
[20]
[21]
[22]
[23]
[24]

[25]

[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]
[35]
[36]
[37]
[38]
[39]

[40]

Aiman Lameseha & Ashraf Uddin / IJQCAI 1(1), 1-10, 2025

Nielsen, M. A., & Chuang, I. L. (2010). Quantum Computation and Quantum Information: 10th Anniversary Edition. Cambridge
University Press.

Kandala, A., et al. (2017). Hardware-efficient variational quantum eigensolver for small molecules and quantum magnets. Nature,
549(7671), 242-246.

Farhi, E., Goldstone, J., & Gutmann, S. (2014). A quantum approximate optimization algorithm. arXiv:1411.4028.

Benedetti, M., et al. (2019). Parameterized quantum circuits as machine learning models. Quantum Science and Technology, 4(4),
043001.

Havlicek, V., et al. (2019). Supervised learning with quantum-enhanced feature spaces. Nature, 567(7747), 209-212.

Broughton, M., et al. (2021). TensorFlow Quantum: A software framework for quantum machine learning. arXiv:2003.02989.
Bergholm, V., et al. (2018). PennyLane: Automatic differentiation of hybrid quantum-classical computations. arXiv:1811.04968.
McCaskey, A. J., et al. (2020). XACC: A system-level software infrastructure for hybrid quantum-classical computing. Quantum
Science and Technology, 5(2), 024002.

IBM Quantum. (2023). Qiskit Documentation. https://qiskit.org

Rigetti Computing. (2023). Forest SDK Documentation. https://www.rigetti.com/forest

Google Quantum Al (2023). Cirq Documentation. https://quantumai.google/cirq

Peruzzo, A., et al. (2014). A variational eigenvalue solver on a quantum processor. Nature Communications, 5, 4213.

Romero, J., et al. (2017). Strategies for quantum computing molecular energies using the unitary coupled cluster ansatz. Quantum
Science and Technology, 2(4), 045001.

LaRose, R. (2019). Overview and comparison of gate level quantum software platforms. Quantum, 3, 130.

Devitt, S. J., et al. (2013). Quantum error correction for beginners. Reports on Progress in Physics, 76(7), 076001.

Shor, P. W. (1995). Scheme for reducing decoherence in quantum computer memory. Physical Review A, 52(4), R2493.

Fowler, A. G., et al. (2012). Surface codes: Towards practical large-scale quantum computation. Physical Review A, 86(3), 032324.
Gambetta, J. M., et al. (2020). Building IBM’s quantum future. IBM Journal of Research and Development, 64(1/2), 1-13.

Harrow, A. W., Hassidim, A., & Lloyd, S. (2009). Quantum algorithm for linear systems of equations. Physical Review Letters,
103(15), 150502.

Zeng, W., et al. (2022). Realization of a hybrid quantum-classical architecture for optimization problems. Nature Communications,
13, 5606.

Zhao, X., et al. (2021). Quantum algorithms for machine learning: A comprehensive survey. ACM Computing Surveys, 54(8), 1-37.
Mohseni, M., et al. (2017). Commercialize quantum technologies in five years. Nature, 543(7644), 171-174.

Cross, A. W, et al. (2019). Validating quantum computers using randomized model circuits. Physical Review A, 100(3), 032328.
Tacchino, F., et al. (2019). An artificial neuron implemented on an actual quantum processor. npj Quantum Information, 5(1), 26.
Gyongyosi, L., & Imre, S. (2019). A survey on quantum computing technology. Computer Science Review, 31, 51-71.

Chiang, M., & Zhang, T. (2016). Fog and IoT: An overview of research opportunities. IEEE Internet of Things Journal, 3(6), 854-864.
Mari, A., Bromley, T. R., & Killoran, N. (2020). Transfer learning in hybrid classical-quantum neural networks. Quantum, 4, 340.
Dasgupta, S., & Dutt, A. (2020). An overview of hybrid quantum-classical algorithms. In Proceedings of the 2020 IEEE International
Conference on Quantum Computing and Engineering (QCE).

Huang, H. Y., et al. (2021). Quantum advantage in learning from experiments. Science, 376(6598), 1182-1186.

Qian, Y., et al. (2022). Quantum cloud computing: Opportunities and challenges. IEEE Network, 36(3), 162-169.

Albash, T., & Lidar, D. A. (2018). Adiabatic quantum computation. Reviews of Modern Physics, 90(1), 015002.

Reagor, M., et al. (2018). Demonstration of universal parametric entangling gates on a multi-qubit lattice. Science Advances, 4(2),
€aa03603.

Wang, D., et al. (2021). Noise-resilient quantum computing with hybrid quantum-classical workflows. npj Quantum Information,
7(1), 1-10.

Egger, D. J., et al. (2021). Quantum computing for finance: State-of-the-art and future prospects. IEEE Transactions on Quantum
Engineering, 2, 1-24.

Ladd, T. D., et al. (2010). Quantum computers. Nature, 464(7285), 45-53.

10


https://qiskit.org/

