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Abstrak: Quantum computing offers promising alternatives to classical approaches for solving complex linear 

algebra problems. This paper presents a comparative study of the performance of quantum algorithms versus 

classical algorithms in solving systems of linear equations and matrix operations. Through simulation and 

analysis, we demonstrate that while quantum computing holds advantages in specific problem sets, classical 

computing remains efficient for general applications. These findings highlight the current limitations and 

potential of quantum computing. 
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A. Introduction to Linear Algebra and Its Importance in Computing 

Linear algebra is a fundamental branch of mathematics that deals with vector spaces 

and linear mappings between them. It plays a crucial role in various fields such as engineering, 

physics, computer science, and economics. The applications of linear algebra are vast, ranging 

from computer graphics and machine learning to quantum mechanics and cryptography. For 

instance, in machine learning, linear algebra is essential for understanding algorithms like 

Principal Component Analysis (PCA) and Support Vector Machines (SVM), which are 

foundational for data classification and dimensionality reduction (Bishop, 2006). 

The increasing complexity of data and the demand for faster computations have led 

researchers to explore more efficient computational methods. Classical computing, which 

relies on binary logic and sequential processing, has made significant strides in solving linear 

algebra problems. However, certain problems, such as those involving large matrices or 

highdimensional data, can be computationally intensive and timeconsuming. For example, 

solving a system of linear equations with n variables typically requires O(n^3) operations using 

classical methods like Gaussian elimination (Cormen et al., 2009). 

With the advent of quantum computing, a new paradigm has emerged that could 

potentially revolutionize how we approach linear algebra problems. Quantum computers 

leverage the principles of quantum mechanics, such as superposition and entanglement, to 

perform calculations in ways that classical computers cannot. This capability raises the 

question of whether quantum algorithms can outperform classical algorithms in solving 

specific linear algebra problems, particularly in terms of speed and efficiency. 
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B. OVERVIEW OF QUANTUM COMPUTING 

Quantum computing is based on the manipulation of quantum bits, or qubits, which can 

exist in multiple states simultaneously due to the principle of superposition. Unlike classical 

bits, which are either 0 or 1, qubits can represent both states at once, allowing quantum 

computers to process vast amounts of data in parallel. This property is particularly 

advantageous for linear algebra problems, where the manipulation of large matrices and the 

solution of complex equations are often required. 

One of the most significant quantum algorithms relevant to linear algebra is the HHL 

algorithm, proposed by Harrow, Hassidim, and Lloyd in 2009. The HHL algorithm can solve 

a system of linear equations exponentially faster than classical algorithms under certain 

conditions. Specifically, it can solve a system of n equations in O(log(n)) time, assuming the 

matrix is wellconditioned and sparse (Harrow et al., 2009). This dramatic reduction in time 

complexity suggests that quantum computing could provide substantial advantages in specific 

applications, such as optimization problems in finance and logistics. 

Despite its potential, quantum computing is still in its infancy, with many technical 

challenges to overcome. Current quantum computers are limited by factors such as qubit 

coherence times, error rates, and the number of qubits available. As of 2023, the most advanced 

quantum processors contain only a few dozen qubits, which restricts their ability to tackle 

largescale linear algebra problems effectively (IBM Quantum, 2023). This limitation highlights 

the need for further research and development in quantum hardware and algorithms to realize 

the full potential of quantum computing. 

 

C. CLASSICAL ALGORITHMS FOR SOLVING LINEAR ALGEBRA PROBLEMS 

Classical algorithms for linear algebra have been extensively studied and optimized 

over decades. The most common methods for solving systems of linear equations include 

Gaussian elimination, LU decomposition, and iterative methods such as Jacobi and 

GaussSeidel. Each of these methods has its strengths and weaknesses, depending on the nature 

of the problem and the size of the dataset. 

Gaussian elimination, for example, is a direct method that transforms a system of linear 

equations into an upper triangular form, making it easier to solve. While it is effective for small 

to mediumsized systems, its O(n^3) time complexity can become a bottleneck for largescale 

problems. In practice, this means that for systems with thousands of variables, the 

computational time can be prohibitive (Cormen et al., 2009). Therefore, researchers often turn 



 

 

to iterative methods for larger systems, which can converge to a solution more efficiently under 

the right conditions. 

Moreover, advancements in numerical linear algebra have led to the development of 

specialized algorithms tailored for specific types of matrices, such as sparse or structured 

matrices. For instance, the Conjugate Gradient method is particularly effective for solving 

large, sparse systems, and it can significantly reduce the number of computations required 

compared to direct methods (Saad, 2003). These classical techniques have been implemented 

in various software libraries, such as LAPACK and Eigen, which are widely used in scientific 

computing and machine learning applications. 

 

D. QUANTUM ALGORITHMS FOR LINEAR ALGEBRA 

Quantum algorithms designed for linear algebra problems have the potential to 

outperform classical algorithms in specific scenarios. The HHL algorithm, as previously 

mentioned, is one of the most notable examples. It leverages quantum phase estimation and the 

properties of unitary matrices to achieve its exponential speedup. However, it is essential to 

note that the HHL algorithm has certain prerequisites, such as the requirement for the input 

matrix to be sparse and wellconditioned, which may not always be the case in realworld 

applications. 

Another quantum algorithm that has garnered attention is the Quantum Singular Value 

Decomposition (QSVD) algorithm. This algorithm enables the decomposition of a matrix into 

its singular values and vectors, a crucial operation in many linear algebra applications, 

including data compression and principal component analysis (Gilyen et al., 2019). The QSVD 

algorithm can provide a quadratic speedup over its classical counterpart, making it a promising 

tool for handling large datasets in fields like machine learning and data science. 

Despite these advantages, the practical implementation of quantum algorithms remains 

a challenge. Quantum noise and decoherence can significantly affect the accuracy of 

computations, leading to errors in the output. Researchers are actively exploring errorcorrection 

techniques and faulttolerant quantum computing to address these issues. As of now, while 

quantum algorithms show great promise, they are not yet ready to replace classical methods 

for generalpurpose linear algebra problems. 

  



 

 

E. COMPARATIVE ANALYSIS OF PERFORMANCE 

When comparing the performance of quantum and classical algorithms for linear 

algebra problems, it is crucial to consider the specific context and type of problem being 

addressed. For small to mediumsized systems, classical algorithms often outperform quantum 

algorithms due to their maturity and the overhead associated with quantum computations. 

Classical methods benefit from decades of optimization and are implemented in highly efficient 

numerical libraries, making them the goto choice for many applications. 

In contrast, quantum algorithms may demonstrate significant advantages for largescale 

problems, particularly those involving highdimensional data or complex structures. For 

instance, in scenarios where the input matrix is sparse and wellconditioned, quantum 

algorithms like HHL can provide exponential speedup, making them attractive for applications 

in optimization and machine learning (Harrow et al., 2009). However, this advantage is 

contingent upon the availability of sufficiently powerful quantum hardware, which is still under 

development. 

Furthermore, the hybrid approach combining classical and quantum methods is gaining 

traction. This strategy involves using classical algorithms to preprocess data and reduce 

problem complexity before applying quantum algorithms to solve the refined problem. Such 

an approach can leverage the strengths of both computing paradigms, potentially leading to 

more efficient solutions for complex linear algebra problems (Babbush et al., 2018). 

In conclusion, while quantum computing holds the promise of revolutionizing how we 

solve linear algebra problems, classical computing remains a robust and efficient option for 

many applications. The future of computing will likely involve a synergistic relationship 

between classical and quantum methods, where each is used to its fullest potential based on the 

problem at hand. 
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