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INTRODUCTION

The development of quantum computing technology over the past decade has shown
significant progress and has attracted widespread attention from the global scientific community.
Quantum computing exploits principles of quantum mechanics, such as superposition and
entanglement, which enable information processing in a fundamentally different way from classical
computing based on binary bits (Wendin, 2016). Owing to these characteristics, quantum computers
are theoretically capable of solving certain classes of problems far more efficiently than classical
computers.

One of the major milestones in the advancement of quantum computing is the concept of
quantum supremacy, defined as the condition in which a quantum computer can perform a specific
computational task that is practically infeasible for classical supercomputers to solve within a
reasonable time frame (Boixo et al.,, 2016; Neill et al., 2017). This concept is not intended to
demonstrate the general superiority of quantum computers across all types of problems, but rather
to provide experimental evidence that quantum systems can surpass the limitations of classical
computation for particular tasks.

The first widely recognized demonstration of quantum supremacy was achieved through
the use of random circuit sampling, a process that involves sampling outputs from randomly
generated quantum circuits with a certain depth and number of qubits. This task was selected due
to its extreme difficulty for classical simulation, arising from the exponential growth of the quantum
state space (Arute et al., 2019). Experimental results showed that quantum processors with several
tens of qubits were able to complete the computation within minutes or hours, whereas classical
supercomputers would require an impractically long time to perform equivalent simulations.

The success of these experiments is highly dependent on improvements in quantum
hardware, particularly in qubit stability and quantum gate fidelity. Superconducting qubit
platforms have recently achieved high operational fidelities, enabling the execution of deeper
quantum circuits before decoherence effects become dominant (Wu et al., 2021; Gao et al., 2024).
Furthermore, early developments in quantum error correction have demonstrated that logical errors
can be suppressed through the use of multiple physical qubits, forming a critical foundation for
scalable quantum computing (Acharya et al., 2022).

Nevertheless, it is important to emphasize that the tasks employed in quantum supremacy
demonstrations remain highly specialized and do not yet offer direct practical applications.
Consequently, many researchers stress the importance of distinguishing between quantum supremacy
as a scientific milestone and quantum advantage as a long-term goal focused on solving real-world
problems, such as material simulation, quantum chemistry, and optimization (Babbush et al., 2020;
Cerezo et al., 2020).

Based on this background, this study aims to present a simplified review of the development
of quantum supremacy, particularly within superconducting qubit platforms, and to discuss its
relevance in the context of modern computational technology. It is expected that this review will
provide readers with a foundational understanding of the current position of quantum computing

and its future development trajectory.
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METHODS

This study adopts a descriptive qualitative approach using a literature review method to
examine the development and achievements of quantum supremacy in superconducting qubit—
based quantum computing. The data used in this research consist of secondary data obtained from
reputable scientific journal articles and international conference proceedings that discuss quantum
supremacy, random circuit sampling, qubit stability, and performance comparisons between
quantum computers and classical supercomputers.

The literature was collected through systematic searches of scientific databases using
relevant keywords, and subsequently selected based on topical relevance and source credibility.
Data analysis was conducted using content analysis by identifying key characteristics of the
experiments, such as the number of qubits, gate fidelity levels, and computational performance
comparisons. These findings were then synthesized to draw conclusions regarding the current
position and future potential of quantum computing within the development of modern

computational technology.

RESULTS

The results of this study were obtained through an in-depth analysis of various scientific
publications reporting experiments on quantum supremacy and quantum computational
advantage, particularly those implemented on superconducting qubit platforms. The analysis
focused on three main aspects: the scale of quantum systems, computational performance compared
to classical systems, and the role of qubit stability and fidelity in achieving computational advantage.
A. Performance Comparison between Quantum and Classical Computing

The findings indicate that quantum computers are capable of solving specific computational
tasks in a significantly shorter time compared to classical supercomputers. As presented in Table 1,
the Sycamore processor with 53 qubits completed a random circuit sampling task in approximately
200 seconds, while a classical supercomputer would require thousands of years to perform an
equivalent simulation. This result represents the first widely recognized demonstration of quantum
supremacy.

Further improvements were observed in subsequent experiments using the Zuchongzhi 2.1
and Zuchongzhi 3.0 processors. With an increased number of qubits and deeper quantum circuits,
quantum computation times remained within the range of minutes to hours, whereas the estimated
classical simulation time increased dramatically to millions or even billions of years. These results
demonstrate that the performance gap between quantum and classical computing grows
exponentially with increasing system complexity.

Figure 1 illustrates the exponential increase in classical simulation time as the number of
qubits grows. The results clearly show that even modest increases in system size lead to a dramatic

rise in computational requirements for classical supercomputers.
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Performance Gap: Quantum vs Classical
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Figure 1. Exponential growth of classical simulation time with increasing number of qubits.

Figure 1 demonstrates a clear exponential relationship between the number of qubits and the
classical simulation time required to reproduce quantum circuit outputs. As the system size
increases from 53 to approximately 90 qubits, the estimated classical runtime grows from 10* years
to approximately 5.9 x 10° years.This dramatic increase reflects the exponential expansion of the
quantum state space, which scales as 2", where 7 is the number of qubits. Even a modest increase in
qubit count results in a disproportionately large increase in classical computational complexity.The
logarithmic scale of the graph confirms that classical simulation becomes fundamentally infeasible
beyond a certain system size threshold. Therefore, the figure provides quantitative support for the
argument that quantum computational advantage emerges once quantum processors surpass
classical simulation limits.

As presented in Table 1, the Sycamore processor with 53 qubits completed a random circuit
sampling task in approximately 200 seconds, while a classical supercomputer would require
thousands of years to perform an equivalent simulation.

Table 1. Summary of Quantum Supremacy Experiments Based on Literature Review

Number Estimated
Quantum Quantum . Key
No. . Platform of Task Type . Classical L.
Device ) Runtime ) Implications
Qubits Runtime
First
Random .
) o ~200 ~10,000 demonstration of
1 Sycamore Superconducting 53 circuit
) seconds = years quantum
sampling
supremacy
) Random )
Zuchongzhi . o ~4.2 ~48,000 Increasing
Superconducting 60 circuit
2.1 . hours years  performance gap
sampling
. Random Large-scale
Zuchongzhi . o . ~5.9x10°
30 Superconducting 83-105 circuit Minutes quantum
. ears
sampling y advantage

Page 25


https://creativecommons.org/licenses/by/4.0/

This work is licensed under a Creative Commons Attribution 4.0 International license

,Vol. 01, No. 1, January 2024

Gaussian L Cross-platform
. 76 Probabilistic Seconds— )
4 Boson Photonic ] ] Infeasible quantum
) photons  sampling = minutes
Sampling advantage
Surface Reduction of
. Error .
5 code Superconducting ~ >50 . - - logical error
. correction
experiment rates

Table 1 summarizes major experimental demonstrations of quantum supremacy across
different hardware platforms and system scales. The data reveal a consistent trend in which
quantum processors are able to complete complex sampling tasks within practical time frames,
while equivalent classical simulations become computationally infeasible.

The Sycamore processor, operating with 53 superconducting qubits, completed a random
circuit sampling task in approximately 200 seconds, whereas the estimated classical runtime reached
around 10,000 years. Subsequent experiments using the Zuchongzhi 2.1 and Zuchongzhi 3.0
processors further expanded the system scale and circuit depth, resulting in classical simulation
times increasing to tens of thousands and even billions of years, while quantum execution remained
within minutes to hours.

The table also indicates that quantum computational advantage is not limited to
superconducting platforms. Photonic systems, as demonstrated in Gaussian Boson Sampling
experiments, achieved probabilistic sampling tasks that are also considered infeasible for classical
computation. In addition, surface code experiments show early progress in quantum error
correction, highlighting efforts to improve system reliability alongside performance scaling.

Figure 2 presents a direct comparison between quantum and classical runtimes for
representative experiments. The logarithmic scale highlights the substantial performance gap,
where quantum processors complete computations within hours or less, while classical simulations

require extremely long execution times.

- Exponential Growth of Classical Simulation Time
0% Zudhongzhi 3.0

Classical Simulation Time (Years)

55 60 65 70 75 80 a5 %0
Number of Qubits

Figure 2. Performance gap between quantum processors and classical supercomputers.
Figure 2 highlights the substantial runtime gap between quantum processors and classical
supercomputers. In the Sycamore experiment, the quantum processor completed the computation
in approximately 0.055 hours (around 200 seconds), while the classical simulation would require
approximately 8.76 x 107 hours.Similarly, for the Zuchongzhi 2.1 processor, quantum runtime
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remained within a few hours, whereas classical simulation time increased to approximately 4.2 x 108
hours.The logarithmic representation emphasizes that the performance difference spans multiple
orders of magnitude. This gap cannot be attributed to incremental hardware improvements alone
but instead reflects a fundamentally different computational paradigm.These findings validate
theoretical predictions from quantum complexity theory that certain sampling problems lie beyond
the efficient reach of classical algorithms.

B. Effect of Qubit Number and Circuit Complexity

The analysis also reveals that the number of qubits and the depth of quantum circuits are
critical factors in achieving quantum supremacy. Quantum systems with a relatively small number
of qubits can still be simulated using large-scale classical computing resources. However, once the
number of qubits and circuit depth exceed a certain threshold, classical simulation becomes
computationally infeasible. This limitation arises from the exponential growth of the quantum state
space that must be represented by classical systems. Experiments on random circuit sampling show
that even modest increases in qubit count can lead to a substantial rise in classical computational
complexity. Therefore, the results confirm a direct relationship between the scale of a quantum
system and the level of computational advantage achieved.

C. Role of Qubit Fidelity and Stability

In addition to system scale, the success of quantum supremacy experiments strongly
depends on qubit fidelity and stability. The reviewed studies report continuous improvements in
single-qubit and two-qubit gate fidelities, allowing deeper quantum circuits to be executed before
decoherence effects dominate. Improved system stability contributes to output distributions that
more closely match theoretical predictions. Several studies also present early results of quantum
error correction techniques, showing that logical error rates can be reduced through the use of
multiple physical qubits. Although fully fault-tolerant quantum computing has not yet been
achieved, these findings indicate meaningful progress toward more reliable and scalable quantum
systems.

The reviewed studies consistently demonstrate three key trends. First, quantum
computational advantage emerges when the number of qubits and circuit depth exceed the practical
limits of classical simulation. Second, the performance gap between quantum and classical systems
increases exponentially with system complexity. Third, hardware quality particularly gate fidelity,
coherence time, and error suppression plays a decisive role in determining whether large-scale
quantum systems can operate reliably. These findings indicate that both system scale and stability

must improve simultaneously to sustain meaningful quantum advantage.

DISCUSSION

This study discusses the significance of recent quantum supremacy experiments by
interpreting the results in relation to existing theories and prior research in quantum computing.
The findings confirm that quantum computational advantage is no longer a purely theoretical

concept but has been experimentally demonstrated on specific computational tasks. However, the
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implications of these results must be understood within a broader scientific and technological
context.

The large performance gap observed between quantum and classical computing systems
supports the theoretical prediction that quantum systems can exploit superposition and
entanglement to process information in ways that are fundamentally inaccessible to classical
architectures. As suggested by complexity theory, the exponential growth of the quantum state
space makes classical simulation increasingly impractical as the number of qubits and circuit depth
increase. The results from Sycamore and Zuchongzhi processors align with this theoretical
framework, reinforcing the argument that quantum advantage emerges once a system exceeds a
critical complexity threshold.

Nevertheless, the discussion also highlights that quantum supremacy has so far been
demonstrated only for highly specialized tasks, such as random circuit sampling, which do not yet
provide direct practical applications. This limitation is consistent with previous studies emphasizing
that quantum supremacy does not imply universal superiority of quantum computers over classical
systems. Instead, it represents a proof of principle that certain problems can be solved more
efficiently using quantum resources. Therefore, the current findings should be interpreted as an
important milestone rather than a final goal in quantum computing development.

Another important aspect revealed by the results is the critical role of qubit fidelity and
system stability. While increasing the number of qubits expands computational capacity, it
simultaneously amplifies the effects of noise and decoherence. The reviewed studies demonstrate
that improvements in gate fidelity and coherence time are essential for executing deeper quantum
circuits reliably. This observation is consistent with theoretical models of noisy intermediate-scale
quantum (NISQ) devices, which predict that performance gains depend not only on system size but
also on error rates and noise mitigation strategies.

Furthermore, early implementations of quantum error correction discussed in the literature
indicate a promising pathway toward fault-tolerant quantum computing. Although current systems
are still far from achieving full error correction at scale, the reduction of logical error rates represents
a significant conceptual and technical advance. These findings suggest that future progress in
quantum computing will rely on a balance between scaling up qubit numbers and improving control
precision and error management.

From a broader perspective, the results and their interpretation contribute to the ongoing
debate regarding the practical relevance of quantum supremacy. While critics argue that classical
algorithms and hardware continue to improve, potentially narrowing the performance gap, the
exponential trends observed in quantum experiments suggest that classical simulation will face
fundamental limits. Thus, even as classical methods advance, the intrinsic advantages of quantum
computation for certain classes of problems are likely to persist.

In summary, this discussion emphasizes that quantum supremacy marks a critical transition
from theoretical prediction to experimental realization. The findings underscore the importance of
system scalability, qubit fidelity, and error control in achieving quantum advantage, while also

acknowledging current limitations in applicability. These insights provide a foundation for future
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research aimed at transforming quantum supremacy demonstrations into practical and broadly
useful quantum computing applications.

Recent developments in large-scale quantum processors, including the demonstration of
logical qubits with improved lifetimes and the deployment of processors exceeding 1000 physical
qubits, further indicate rapid progress toward scalable architectures (Acharya et al., 2023; IBM
Quantum, 2023; Gao et al., 2024). These advances strengthen the experimental foundation for

transitioning from proof-of-concept supremacy toward practical quantum advantage.

CONCLUSIONS

This literature review confirms that stabilized superconducting qubit systems have reached
a computational regime that is practically inaccessible to classical supercomputers for specific high-
complexity tasks. The analyzed studies consistently demonstrate that quantum computational
advantage emerges from the combined effect of increasing system scale, circuit complexity, and
continuous improvements in qubit fidelity and stability.

The evidence further indicates that the performance gap between quantum and classical
computation grows exponentially as the number of qubits increases, highlighting a fundamental
limitation of classical simulation for large quantum systems. At the same time, advances in error
suppression and early quantum error correction represent critical steps toward reliable and scalable
quantum architectures.

Although current demonstrations remain limited to specialized benchmarking problems, the
results provide strong experimental validation that quantum computing has moved beyond
theoretical promise toward practical technological potential. Future research should focus on
achieving fault-tolerant logical qubits, improving hardware scalability, and identifying real-world

applications where quantum advantage can deliver measurable impact.
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