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Estimation of mutual information via quantum kernel methods
Yota Maeda'? - Hideaki Kawaguchi? - Hiroyuki Tezuka'?
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Abstract

Recently, the importance of analyzing data and collecting valuable insight efficiently has been increasing in various fields.
Estimating mutual information (MI) plays a critical role in investigating the relationship among multiple random variables
with a nonlinear correlation. Particularly, the task to determine whether they are independent or not is called the independence
test, whose core subroutine is estimating MI from given data. It is a fundamental tool in statistics and data analysis that can
be applied in a wide range of applications such as hypothesis testing, causal discovery, and more. In this paper, we propose a
method for estimating mutual information using the quantum kernel. We investigate the performance under various problem
settings, such as different sample sizes or the shape of the probability distribution. As a result, the quantum kernel method
showed higher performance than the classical one under the situation that the number of samples is small, the variance is
large or the variables possess highly non-linear relationships. We discuss this behavior in terms of the central limit theorem
and the structure of the corresponding quantum reproducing kernel Hilbert space.

Keywords Mutual information - Independence test - Causal analysis - Quantum kernel
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Quantum-enhanced causal discovery for a small number of samples

Yota Maeda,” Ken Arai,” Yu Tanaka,* Yu Terada,* Hiroshi Ueno, and Hiroyuki Tezuka!
Advanced Research Laboratory, Research Platform, Sony Group Corporation,
1-7-1 Konan, Minato-ku, Tokyo, 108-0075, Japan
(Dated: January 10, 2025)

The discovery of causal relationships from observed data has attracted significant interest from
disciplines such as economics, social sciences, epidemiology, and biology. In practical applications,
considerable knowledge of the underlying systems is often unavailable, and real data are often as-
sociated with nonlinear causal structures, which make the direct use of most conventional causality
analysis methods difficult. This study proposes a novel quantum Peter-Clark (gPC) algorithm for
causal discovery that does not assume any underlying model structures. Based on the independence
conditional tests in a class of reproducing kernel Hilbert spaces characterized by quantum circuits,
the proposed gPC algorithm can explore causal relationships from the observed data drawn from
arbitrary distributions. We conducted extensive and systematic experiments on fundamental graph
parts of causal structures, demonstrating that the qPC algorithm exhibits a significantly better
performance, particularly with smaller sample sizes compared to its classical counterpart. Fur-
thermore, we proposed a novel optimization approach based on Kernel Target Alignment (KTA)
for determining hyperparameters of quantum kernels. This method effectively reduced the risk of
false positives in causal discovery, enabling more reliable inference. Qur theoretical and experi-
mental results demonstrate that the proposed quantum algorithm can empower classical algorithms
for robust and accurate inference in causal discovery, supporting them in regimes where classical
algorithms typically fail. Additionally, the effectiveness of this method was validated using the
Boston Housing dataset as a real-world application. These findings demonstrate the new potential
of quantum circuit-based causal discovery methods in addressing practical challenges, particularly
in small-sample scenarios where traditional approaches have shown limitations.

I. INTRODUCTION
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