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ABSTRACT

The primary objective of this research was to analyze the capabilities of Quantum
Information Theory (QIT) in improving information retrieval processes. The
study sought to address how the fundamental principles of quantum mechanics
can be leveraged to overcome the challenges inherent in traditional information
retrieval systems. This study was conducted using a library method with an
analytical-review approach. Through a comprehensive review of theoretical
literature, the foundational concepts of QIT were identified, and their conceptual
and practical relevance to the field of information retrieval were systematically
analyzed. The findings indicated that Quantum Information Theory, through
concepts such as superposition and entanglement, provided a new framewaork for
information representation, processing, and retrieval. The application of
phenomena like quantum algorithms and quantum error correction could
significantly increase the accuracy and speed of information retrieval. By unifying
the representation, ranking, and cognitive aspects of the user, this approach
offered solutions for developing more dynamic and context-aware systems.
Despite existing technical and theoretical obstacles, Quantum Information Theory
held the potential to fundamentally transform the field of information retrieval. It
was anticipated that with continued research in this area, innovative technologies
based on quantum principles would be developed, leading to enhanced efficiency,
security, and precision in future information retrieval systems.
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EXTENDED ABSTRACT

Introduction

Quantum information is a general form of information that can be considered the fundamental
material of the universe (Penchev, 2020). Its basic unit is the qubit, which, unlike a classical
bit's binary 0 or 1 state, can exist in multiple states simultaneously. This phenomenon, known
as superposition, allows a qubit to be a linear combination of states (Nielsen & Chuang, 2010),
enabling quantum parallelism and an exponential increase in computational power. Quantum
Information Theory (QIT) explores these principles, along with other key concepts such as
entanglement, where qubits become interdependent regardless of distance; the no-cloning
theorem, which makes it impossible to create an identical copy of an unknown quantum state;
and practical applications like quantum error correction and quantum cryptography. While
traditional Information Retrieval (IR) is built on core concepts like Boolean, vector space, and
probabilistic models (Melucci, 2015; Tunkelang & Thelwall, 2009; Biittcher et al., 2010;
Gudivada et al., 2018), QIT provides a new framework to enhance it. This theory offers a way
to unify the representation, ranking, and cognitive aspects of the user by applying the formalism
and mathematics of quantum mechanics. This connection is often inspired by the theory and
applied to classical computers, drawing on the broad use of quantum principles in cognitive
science, psychology, and decision-making (Ashoori & Rudolph, 2018; Lebedev & Khrennikov,
2020). This paper aimed to review the fundamental principles of QIT, analyze their relevance
to IR, and present the opportunities and challenges at the intersection of these two fields.

Literature Review

The intersection of QIT and IR has evolved from foundational theoretical work to practical and
evaluative models. Early research by Piwowarski et al. (2010) proposed a quantum framework
to address key IR challenges like interaction, novelty, and diversity, a view expanded by van
Rijsbergen (2011), who argued that quantum formalism is the appropriate language for
modeling the uncertainty inherent in information. Subsequent studies demonstrated the
application of quantum mathematics, such as the "Quantum Probability Ranking Principle" for
ranking interdependent documents (Zuccon & Azzopardi, 2010) and the use of quantum theory
for "quantum-like™ modeling (Khrennikov, 2019) and meaning-focused retrieval (Aerts et al.,
2013). More recently, the field has moved toward integrating quantum principles with deep
learning, as seen in quantum-inspired neural matching models (Jiang et al., 2020), and
addressing security through protocols like quantum private information retrieval (Yang et al.,
2023). This progression indicates a shift from purely theoretical explorations (Ashoori &
Rudolph, 2018) to the development of practical evaluation frameworks (Ferrari Dacrema et al.,
2024) and new contextual search methods (Alodjants et al., 2024).

Methodology

This study was conducted as fundamental research, employing an analytical-review method
appropriate for the theoretical and emerging nature of the topic. Data collection started with
documentary research, using defined keywords to systematically gather sources from databases
such as Web of Science and Google Scholar. Following the screening and selection of relevant
literature, the research utilized an approach of conceptual analysis and literature synthesis.
Foundational concepts from Quantum Information Theory were first extracted and broken
down. Then, in the synthesis phase, these concepts were systematically linked to the challenges,
needs, and processes of Information Retrieval to build a logical and applied bridge between the
two fields.
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Results

The results of this analysis are presented in two main parts. First, the foundational concepts of
Quantum Information Theory (QIT) are detailed, organized into three categories: fundamental
concepts, including qubits, quantum states, superposition, entanglement, and quantum entropy;
principles and theories, such as quantum algorithms and the no-cloning theorem; and
applications, like quantum error correction, cryptography, and quantum gates. The second part
of the results systematically connects these principles to the domain of Information Retrieval
(IR). The results demonstrated how concepts like superposition can offer a probabilistic
framework for relevance, how quantum algorithms, such as Grover's algorithm, can
exponentially speed up search, and how quantum entanglement and error correction can be used
to model complex term dependencies and ensure the security and integrity of the retrieval
process, respectively.

Discussion

The theoretical alignment between Quantum Information Theory (QIT) and Information
Retrieval (IR) suggests that quantum principles are exceptionally well-suited to address the core
limitations of classical IR systems, particularly the complex issues of context, ambiguity, and
human cognition. The inherent probabilistic nature of quantum states, governed by
superposition, offers a formal mathematical framework for modeling the fuzzy and subjective
concept of relevance more dynamically than traditional vector-space models. Furthermore, the
concept of entanglement provides a powerful mechanism to model the nonlocal dependencies
between index terms, documents, and user intent, moving beyond simple co-occurrence counts
to capture holistic conceptual relationships. The analysis highlighted that while the full power
of quantum computing is not always necessary for these benefits, as evidenced by successful
quantum-like (QL) models running on classical hardware, the ultimate, exponential
performance gains promised by algorithms like Grover's algorithm for database searching
remain the strongest long-term motivation for future IR systems to leverage true quantum
hardware.

Conclusion

By analytically comparing the core principles of Quantum Information Theory (QIT) and
identifying their points of convergence with classical information retrieval systems, this
research confirmed that Quantum Information Theory offered a potent, mathematically
grounded framework with the potential to fundamentally transform the field of Information
Retrieval. By leveraging quantum principles (such as superposition to model the inherent
uncertainty of relevance and entanglement to capture complex, nonlocal dependencies between
terms) future IR systems could overcome the cognitive and structural limitations of classical
models. While the full deployment of quantum algorithms like Grover's algorithm on dedicated
guantum hardware promised exponential speed and efficiency gains in the long term, even the
adoption of QL models on existing classical infrastructure could yield significant, immediate
improvements in accuracy, security, and contextual awareness. Despite existing technical and
theoretical obstacles, it was anticipated that continued research in this area would lead to
innovative technologies based on quantum principles, resulting in enhanced precision and
efficiency in future information retrieval systems.
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. Fang et al.
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. Special Interest Group on Information Retrieval (SIGIR)
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1. Post-quantum cryptography (PQC)
2. NOT
3. Hadamard gate
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1. Inverter-chain link (ICL)

2. Greenberger-Horne-Zeilinger (GHZ)
3. Bell

4. topological qudits

5. anyons

6. Quantum information science (QIS)
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1. Korsbakken et al.

2. Benhelm et al.

3. sequential contextuality
4. no-go theorems
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1. Information loss (IL)

2. Random-access memory
3. Torpedo game

4. Grover's algorithm
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1. Gaussian noise
2. heterodyne, homodyne, and photodetection
3. Song et al.
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