International Journal of Science and Research Archive

eISSN: 2582-8185
Cross Ref DOI: 10.30574/ijsra

IJ S RA Journal homepage: https://ijsra.net/

(RESEARCH ARTICLE) W) Check for updates

Distributed quantum computing models: Study of architectures and models for the
distribution of quantum computing tasks across multiple quantum nodes

Akaash Vishal Hazarika © * and Mahak Shah 2

1 Department of Computer Science, North Carolina State University, Raleigh NC, United States.
2 Department of Computer Science, Columbia University, New York NY, United States.

International Journal of Science and Research Archive, 2024, 13(02), 3719-3723
Publication history: Received on 09 November 2024; revised on 24 December 2024; accepted on 27 December 2024

Article DOI: https://doi.org/10.30574/ijsra.2024.13.2.2602

Abstract

The exploration of distributed quantum computing (DQC) represents a significant frontier in quantum information
science, aiming to harness the unique properties of quantum mechanics to solve complex computational problems
effectively. This paper discusses the diverse architectures and models that facilitate the distribution of quantum
computing tasks across multiple quantum nodes, thereby addressing the limitations inherent in single quantum devices.
DQC systems exploit the principles of superposition and entanglement to enhance computational capabilities beyond
what classical computing systems can achieve.

We examine various DQC architectures, including both quantum-classical hybrid systems and fully quantum distributed
systems, highlighting their respective benefits and challenges. Key issues such as coherence, communication overhead,
and error correction are discussed in detail, and we analyze specific use cases where DQC demonstrates superior
performance relative to classical computing approaches, including optimization problems in logistics and finance, as
well as quantum simulations for material science. Furthermore, we identify future research directions aimed at
overcoming existing barriers to the practical implementation of DQC systems. By assessing the current landscape and
future possibilities of DQC, this paper underscores the transformative potential of distributed quantum computing in
various fields, paving the way for realizing more complex quantum algorithms and applications.

Keywords: Distributed Quantum Computing; Quantum Algorithms; Quantum Simulation; Quantum Communication;
Error Correction; Quantum Networks

1. Introduction

Quantum computing [1][2][3] is poised to transform the computational landscape due to its ability to process
information using quantum bits (qubits) that can exist in multiple states simultaneously. The advent of quantum
algorithms such as Shor's and Grover's has illustrated the extraordinary potential of quantum computation to tackle
complex problems beyond the reach of classical algorithms. However, current quantum hardware is limited by factors
such as qubit coherence times, error rates, and scalability concerns.

Distributed quantum computing (DQC) can potentially mitigate these challenges by distributing tasks[4] across multiple
quantum nodes, capitalizing on their collective computational power. In doing so, DQC introduces new paradigms for
quantum operations and enables the execution of larger-scale quantum algorithms that would otherwise be impossible
on a single quantum device.
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1.1. Quantum Computing Basics

Quantum computing relies on the principles of quantum mechanics, particularly on superposition and entanglement, to
perform computations. A qubit can exist in a superposition of 0 and 1 states, represented as:

[W) = «|0) + B]1)

where |a|2 + |B|2 = 1. This allows quantum computers to explore multiple solutions simultaneously. Entanglement, a
phenomenon where qubits become interdependent, enables non-local interactions between qubits that can enhance
computational power. The creation of entangled states, such as Bell states, plays a foundational role in quantum
communication and computing protocols.

1.2. Distributed Computing Paradigms

Distributed computing[5][6][7] harnesses the power of multiple interconnected computing devices to perform complex
tasks efficiently. In classical distributed systems, tasks are divided among nodes that communicate over classical
channels. In the quantum realm, the challenge lies in maintaining coherence and entanglement during communication
and computation. The shift from classical to quantum introduces complexities, requiring innovative approaches to:

e Taskallocation
e Communication efficiency
e Error correction

Notable paradigms include:

e Quantum-Classical Hybrid Systems
e Fully Quantum Distributed Systems
e Quantum Networks

2. Architectures in Quantum Computing

2.1. Quantum-Classical Hybrid Models

Quantum-classical hybrid models utilize both quantum and classical resources to execute computations. In these
models, a classical computer coordinates the quantum tasks, which are often executed on remote quantum processors
via cloud services. For instance, IBM Q and Google Quantum Al provide architectures that allow users to offload quantum
computations to specialized quantum systems while managing classical workloads locally.

2.2, Fully Quantum Distributed Systems

In fully quantum systems, computations take place solely within a quantum framework. Nodes in quantum networks
share quantum information through entanglement. One example is the use of quantum teleportation, which allows qubit
states to be transmitted between distant nodes without sending the actual qubits themselves.

2.3. Quantum Repeaters

Quantum repeaters are crucial for extending the range of quantum networks. They operate by:
e C(reating entangled pairs of qubits
e Building long-distance entanglement through shorter links

e Using entanglement swapping to connect previously established quantum states

This process significantly enhances the reliability of communication in quantum networks.

3. Models of Distribution

3.1. Quantum Task Decomposition

Quantum task decomposition involves breaking down complex quantum algorithms into manageable subtasks that can
be assigned to different quantum nodes. This process includes:
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Algorithm 1: Quantum Task Decomposition

e Input: Quantum algorithm A
e Qutput: Set of independent tasks T

e T — decompose(A)
e foreachtaskt € T do

e Assignttoaquantum node
e end

This approach allows for efficient resource allocation and reduces workload on individual nodes.

3.2. Entanglement Distribution
Successful task execution relies on effective entanglement distribution among nodes. Key protocols include:
e Entanglement Swapping: Connects non-adjacent entangled qubits

Entanglement Concentration: Enhances quantum fidelity
e State Distribution: |{_AB) = (1/v2)(|00) + |11))

4. Challenges in Quantum Computing

4.1. Communication Overhead and Decoherence

Communicating quantum information across nodes raises the issue of decoherence, where quantum states lose their
coherence due to interaction with their environment. This can be particularly problematic in the presence of delays and
errors in quantum channels that hinder real-time collaboration among nodes [3]. Maintaining high fidelity during long
range communication is a significant challenge. Past work has explored various methods for improving communication
efficiency in distributed systems, emphasizing the relevance of serverless architectures that facilitate scalable
interactions between nodes [4].

4.2, Error Correction and Fault Tolerance

Quantum systems are inherently susceptible to errors[8] from decoherence, gate errors, and measurement
inaccuracies. Quantum error correction codes, such as the Steane code [5] and the surface code [6], play a vital role in
preserving quantum information. Furthermore, recent frameworks have begun to address the challenges of
implementing these codes in a distributed environment [7], requiring additional resources and coordination to ensure
that each piece of information is correctly encoded, transmitted, and decoded. Moreover, understanding how underlying
distributed systems can affect performance remains critical, as demonstrated in comparative analyses of different
distributed processing frameworks [8].

4.3. Communication Overhead and Decoherence

Communicating quantum information across nodes raises the issue of decoherence, where quantum states lose their
coherence due to interaction with their environment. This can be particularly problematic in the presence of delays and
errors in quantum channels that hinder real-time collaboration among nodes [3]. Maintaining high fidelity during long
range communication is a significant challenge. Past work has explored various methods for improving communication
efficiency in distributed systems, emphasizing the relevance of serverless architectures that facilitate scalable
interactions between nodes [4].

5. Applications of Quantum Computing

The applications of DQC span various fields, leveraging the unique advantages of quantum computation.

5.1. Optimization Problems in Logistics and Finance

DQC presents a powerful framework for solving optimization problems such as supply chain logistics, portfolio
optimization, and traffic management. The ability to decompose and distribute optimization tasks allows for rapid
convergence to optimal solutions in scenarios that involve numerous variables and constraints. These strategies have
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parallels in the automation frameworks defined in the literature, suggesting robust methodologies for improving
efficiency in task execution [9][10].
5.2. Quantum Simulation for Material Science

DQC can simulate complex quantum systems, enabling researchers to model molecular interactions in materials science
and drug discovery. By sharing computational loads across multiple nodes, researchers can achieve higher accuracy and
explore larger systems than classical simulations can handle.

5.3. Machine Learning and Data Analysis

Quantum machine learning algorithms can benefit from distributed quantum resources, enabling faster processing of
large datasets. Techniques such as quantum clustering, classification, and reinforcement learning can be accelerated
through DQC by harnessing the combined computational capabilities of multiple quantum processors.

6. Future Directions
The future of distributed quantum computing focuses on:
e Improving Quantum Communication Protocols: Enhanced methods for error correction and entanglement
distribution will be crucial for increasing the reliability and scalability of DQC systems.
e Advancements in Quantum Hardware: Innovations in qubit design, coherence management, and error
mitigation techniques[11][12] will fundamentally improve the functionality of distributed quantum nodes.
e Integration with Classical Systems: Developing better hybrid models that effectively bridge classical and
quantum systems will lead to more efficient quantum-classical tasks and hybrid algorithms.

e Scalability and Interoperability: Ensuring that distributed quantum systems can easily scale and work across
different types of quantum hardware and software ecosystems will be essential for broader adoption.

7. Conclusion

In conclusion, distributed quantum computing opens new avenues for harnessing quantum mechanics to solve complex
computational problems. By distributing tasks across multiple quantum nodes, we can effectively capitalize on the
principles of superposition and entanglement while overcoming the challenges posed by decoherence and error rates.
The advancement of distributed quantum architectures will not only facilitate a new era of quantum algorithms but also
provide a substantial improvement over classical computing models in various fields.
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