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Molecular Dynamics Statistical Analysis: Probabilistic
Modeling of Molecular Geometry from MD Data

Jonas Franukevigius', Mindaugas Macernis’

TInstitute of Chemical Physics, Faculty of Physics, Vilnius University

E-mail: jonas.franukevicius@ff.vu.lt

We introduce Molecular Dynamics Statistical Analysis (MDSA), an algorithm designed to
statistically characterize the internal geometries of molecular systems from molecular dynamics (MD)
simulations. MDSA provides a method for analyzing and representing the distribution of internuclear
distances sampled from MD trajectories.

The algorithm operates in three stages. First, MDSA computes the uncorrelated probability
densities for all pairwise internuclear distances, averaged over the MD simulation time. In the second
stage, MDSA constructs a Linear Combination of Gaussian Models (LCGM) to approximate the joint
distribution of the D-dimensional internuclear distance space. The LCGM comprises of preselected
number of D-dimensional Gaussian distributions, where the amplitudes, means and standard deviations
are optimized to best match the probability densities derived from the MD data and lastly, the inferred
structures from Gaussian models are reformated to Euclidean geometries and then compared to MD
data.

The optimization is guided by a cost function composed of two terms. The first term quantifies the
fidelity of the fit through the integral of squared differences between the MD-derived probability density
and that generated by the LCGM. The second term is a realizability cost, which penalizes Gaussian
models that do not correspond to physically possible three-dimensional molecular structures. This
realizability cost is computed by evaluating the Gram matrix corresponding to a given configuration of
internuclear distances (as defined by the Gaussian model parameters). A valid configuration requires
that the Gram matrix is positive semi-definite and has rank exactly three, ensuring that the distances
define a realizable molecular geometry in Euclidean space [1].
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Fig. 1. P-P distance time dependence (violet) extracted from CH(PPh,), molecular Fig. 2. Calculated probability density from MD data (violet) and its LCGM
dynamics data. counterpart (green).
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