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Abstract

Quantum computing holds immense potential for solving complex problems intractable or
prohibitively time-consuming for classical computers. However, the fragility of quantum states
against noise and decoherence remains the primary obstacle. Quantum error correction (QEC) is
recognized as the essential pathway toward fault-tolerant quantum computing. This paper
analyzes recent advancements in quantum error correction techniques and their direct impact on
the stability and scalability of quantum systems. Between 2024 and 2026, remarkable
breakthroughs have emerged. Four-dimensional geometric codes, with advanced topological
structures, have significantly reduced overhead while lowering logical error rates by up to three
orders of magnitude (up to 1000-fold). Al-based and machine learning decoders have enhanced
error detection accuracy and enabled real-time correction with latencies below a few
microseconds. Adaptive approaches have increased system resilience against dynamic and
varying noise environments. Practical experiments on superconducting processors (such as
Google’s Willow) and other platforms have demonstrated crossing the surface code threshold,
with logical qubit lifetimes surpassing the best physical qubit coherence times (beyond
breakeven). These advances have elevated logical qubit stability to a practical level, reduced
overall system overhead from hundreds of thousands to tens of thousands of physical qubits per
logical qubit, and enabled genuine scalability. The synergy of efficient codes, intelligent
decoding, and hardware improvements has brought quantum computing to the threshold of
industrial applications. The future outlook points toward fully fault-tolerant quantum computers
within the coming decade, potentially revolutionizing molecular simulation, complex
optimization, cryptography, and materials science.

Keywords: Quantum error correction, four-dimensional codes, Al decoding, quantum stability,
quantum computing scalability



