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Introduction

Quantum computing represents a paradigm shift in computational capa-
bilities, fundamentally diverging from classical computing by exploiting
principles of quantum mechanics such as superposition and entanglement.
This revolutionary approach allows for the representation of information
not just as binary Os or 1s, but as a probabilistic combination of both, expo-
nentially enhancing processing power for specific complex problems. The
theoretical groundwork for quantum computation was established several
decades ago, primarily in the 1980s, but only in recent years have signifi-
cant strides been made in translating these theoretical concepts into tangible
experimental platforms and proof-of-concept devices [1].

The intrinsic ability of qubits to exist in multiple states simultaneously and
to become entangled means quantum computers can explore vast computa-
tional spaces much more efficiently than their classical counterparts. This
capability positions quantum computing as a potential disruptor across an
array of scientific and industrial sectors. For instance, its promise extends
to solving currently intractable problems in areas ranging from advanced
cryptography to highly complex drug discovery processes and the develop-
ment of novel materials with bespoke properties [2].

The global scientific community and major technology firms have heavily
invested in quantum computing research and development, driven by the
prospect of achieving ’quantum advantage’ or ’quantum supremacy’ where
a quantum machine performs a task demonstrably faster than the fastest
classical computer. These investments fuel the rapid evolution of differ-
ent qubit technologies, each with its unique advantages and engineering
challenges, contributing to a diverse and rapidly advancing technological
landscape [3].

One of the primary historical drivers for quantum computing research was
its potential impact on cryptography. Shor’s algorithm, discovered in 1994,
demonstrated that a sufficiently powerful quantum computer could break
widely used public-key encryption schemes, such as RSA, which underpin

much of modern secure communication. This realization spurred urgent
research into both building quantum computers and developing ’quantum-
safe’ or ’post-quantum’ cryptographic solutions resistant to such attacks

[4].

Beyond cryptography, the simulation of quantum systems themselves
stands as a natural and profound application. Chemistry, materials science,
and condensed matter physics often deal with molecular and atomic inter-
actions that are inherently quantum mechanical. Classical computers strug-
gle to simulate these systems accurately due to the exponential growth of
computational complexity. Quantum computers, by their very nature, are
uniquely suited to model these interactions, potentially leading to break-
throughs in fields such as superconductivity and catalysis [5].

The development of quantum hardware involves overcoming immense
engineering hurdles. Maintaining the delicate quantum states of qubits,
known as coherence, is paramount, as environmental noise can easily cause
decoherence and computational errors. Various physical platforms, includ-
ing superconducting circuits, trapped ions, and photonic systems, are being
explored, each striving for higher qubit counts, lower error rates, and longer
coherence times, representing a race to build the most robust and scalable
quantum processors [6].

Governments worldwide recognize the strategic importance of quantum
computing, allocating substantial funding for national quantum initiatives.
These initiatives aim to foster domestic innovation, cultivate a skilled work-
force, and secure a competitive edge in what is perceived as a critical future
technology. International collaborations also play a vital role in sharing
knowledge and accelerating progress, highlighting the global scale of this
scientific endeavor [7].

However, the path to practical, fault-tolerant quantum computers is still
fraught with significant challenges. Quantum error correction, a sophis-
ticated technique required to mitigate errors arising from qubit fragility,
remains a major area of theoretical and experimental research. The ability
to scale up quantum systems to thousands or millions of highly intercon-
nected and stable qubits without introducing excessive errors is currently
beyond existing technological capabilities [8].

The potential societal implications of quantum computing are vast and mul-
tifaceted, extending beyond technological advancements to economic and
ethical considerations. The prospect of disrupting industries, creating new
job categories, and rendering existing technologies obsolete necessitates
careful foresight and policy planning. Ethical discussions surrounding ac-
cessibility, potential misuse, and the societal impact of radical technologi-
cal shifts are increasingly important as the field matures [9].

Looking forward, the research landscape is dynamic, with ongoing ef-
forts focused on developing hybrid quantum-classical algorithms that can
leverage the strengths of near-term quantum devices in conjunction with
classical supercomputers. The long-term vision includes the development
of quantum networks for secure communication and distributed quantum

[ Cite this article: Zhang LM,(2025) Quantum Computing: Promise, Challenges, and Future. Eur J Clin Oncol 07: 15. DOI: ]



mailto:lila.zhang@beijingmed.edu.cn

computing, marking a journey towards a future where quantum technolo-
gies are integrated into the global computational infrastructure [10].

Description

Quantum computing is fundamentally distinct from classical computing,
employing quantum-mechanical phenomena like superposition and entan-
glement to process information. Unlike classical bits that are exclusively
0 or 1, a quantum bit, or qubit, can exist in a superposition of both states
simultaneously. This characteristic allows quantum computers to perform
certain calculations exponentially faster than classical machines, opening
up new avenues for problem-solving across various scientific and engineer-
ing disciplines. The underlying principles were theorized decades ago, but
significant practical advancements have been predominantly observed in
the 21st century [1].

The core advantage of quantum computing lies in its ability to handle com-
plex calculations that are currently intractable for even the most powerful
supercomputers. By leveraging superposition, a quantum computer can ex-
plore multiple possibilities concurrently, rather than sequentially. Entan-
glement, another key quantum phenomenon, allows qubits to be correlated
in such a way that the state of one instantly influences the state of another,
regardless of physical distance, providing a powerful resource for compu-
tational tasks [2].

Several physical architectures are being pursued to build quantum comput-
ers, each with unique merits and challenges. Superconducting circuits, such
as those implemented by IBM and Google, use Josephson junctions to cre-
ate qubits that operate at millikelvin temperatures. Trapped ion systems,
favored by companies like IonQ, suspend ions in electromagnetic fields,
using lasers to manipulate their quantum states, offering high fidelity and
long coherence times. Each approach aims to minimize decoherence, the
loss of quantum information due to interaction with the environment [3].

Photonic quantum computing, an alternative approach, uses photons as
qubits, leveraging their properties for computation. This method often op-
erates at room temperature, potentially simplifying engineering challenges
related to refrigeration. Topological qubits represent a more theoretical,
but highly promising, direction, aiming for inherent fault tolerance by en-
coding information in the topological properties of quasiparticles, making
them more robust against local disturbances [4].

Applications of quantum computing are projected to revolutionize diverse
sectors. In medicine, quantum simulations could enable the design of new
drugs by accurately modeling molecular interactions, leading to more ef-
fective treatments and accelerated discovery timelines. Materials science
stands to benefit similarly, with the potential to engineer novel materials
with desired properties, such as high-temperature superconductors or more
efficient catalysts, by understanding their quantum behavior [5].

In the realm of finance, quantum algorithms could optimize portfolio man-
agement, risk assessment, and complex financial modeling by efficiently
processing vast datasets and exploring numerous scenarios. Similarly, in
logistics and supply chain management, quantum computers might find op-
timal routing solutions and resource allocation strategies that are currently
computationally prohibitive for classical systems, leading to significant ef-
ficiencies and cost savings [6].

However, the practical realization of these applications faces formidable
obstacles. Quantum error correction is paramount to overcoming the in-
herent fragility of qubits, which are prone to errors caused by environmen-
tal noise and interactions. Developing scalable error correction codes and
implementing them in hardware without introducing too many additional
errors is a grand challenge that researchers are actively addressing [7].

Scaling quantum systems to a sufficient number of high-quality qubits is
another major hurdle. Current quantum processors typically have tens or
hundreds of qubits, whereas many practical quantum algorithms are be-
lieved to require thousands to millions of logical qubits (error-corrected
qubits). The engineering complexity associated with maintaining coher-
ence, connectivity, and control over such large systems is immense [8].

The economic and societal implications of quantum computing also war-
rant careful consideration. The technology has the potential to create new
industries and jobs, but also to disrupt existing ones, leading to significant
economic shifts. Ensuring equitable access to quantum technologies and
addressing potential ethical concerns, such as the implications for privacy
and security, are critical for responsible development [9].

Looking ahead, the development of hybrid quantum-classical algorithms,
which leverage near-term noisy intermediate-scale quantum (NISQ) de-
vices in conjunction with classical supercomputers, is a significant area
of research. These algorithms aim to extract useful computational advan-
tage before full fault-tolerant quantum computers are available. Further-
more, the long-term vision includes establishing quantum networks to en-
able secure communication and distributed quantum computation across
geographically dispersed quantum processors [10].

Conclusion

Quantum computing harnesses quantum mechanics principles like super-
position and entanglement to offer computational capabilities far exceed-
ing classical computers for specific problems. It promises revolutionary
advancements in fields such as cryptography, drug discovery, materials
science, and financial modeling. Key hardware developments involve su-
perconducting circuits, trapped ions, and photonic systems, each contend-
ing with challenges related to qubit coherence, error rates, and scalability.
Despite rapid progress, significant hurdles remain, including developing
robust quantum error correction and scaling up qubit numbers while main-
taining stability. The societal implications, including ethical considerations
and potential economic shifts, are also under active discussion. Research
is focused on hybrid quantum-classical algorithms and the long-term goal
of fault-tolerant quantum computers and quantum networks.
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