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A vector quantization approach to discover structural motifs in model latent spaces

Yifei Yue!?® Lechun Xing?* Saad A. Mohammed?® Jianwen Jiang3' N. Duane Loh!?*
LIntegrative Sciences and Engineering Programme, National University of Singapore ?Center for Bio-Imaging Sciences,
National University of Singapore ®Dept. of Chemical and Biomolecular Engineering, National University of Singapore
“Dept. of Physics, National University of Singapore. Correspondence to: N. Duane Loh duaneloh@nus.edu.sg.

1. Introduction

Ice formation from liquid water is a ubiquitous
phenomenon in nature. Yet, a detailed mechanis-
tic understanding of how ice nucleates and grows
remains elusive. Particularly, it remains unclear
how short-lived, metastable local structures (or struc-
tural motifs) form over the process of ice nucleation
and growth. This motivates experimental[l] and
computational[2] efforts to characterize such struc-
tural motifs in liquid and ice, which will be of great
significance in understanding pertinent processes in
natural sciences (e.g., precipitation models[1]).

In this work, we aim to characterize structural mo-
tifs in liquid water and ice from molecular dynamic
(MD) simulations by applying vector quantization to
interpret the latent space of a variational encoder
(VAE). First, MD simulations were performed using
the ML-BOP model[2] to simulate homogeneous ice
nucleation from supercooled water at 210 K. There-
after, structural descriptors of local atomic environ-
ments (e.g., rotationally invariant SOAP features[3])
were extracted from the MD trajectories. Next, we
trained a VAE model to learn the latent embedding of
structural descriptors, and applied vector quantiza-
tion (VQ) to analyze the latent space. Analysis of the
latent embedding reveals the emergence of locally
favored structural motifs in supercooled water prior
to nuclei formation. Furthermore, we observe the
gradual formation of various ice polymorphs, such
as stacking disorder ice (), that persists at different
stages of nucleation and ice crystallization. Besides
providing a comprehensive mapping of the structural
motifs in ice polymorphs and liquid water, our VAE
approach provides a flexible framework for exploring
structural polymorphs in other systems of interest.

2. Results and Discussion
2.1 VAE model and vector quantization approach

Fig. 1 summarizes the workflow of our study. To
characterize structural motifs, we first performed MD
simulations (using the ML-BOP potential[2]) to inves-
tigate homogeneous ice nucleation of supercooled
water (Fig. 1a). As shown in Fig. 2, we can identify
various liquid and ice structures (namely cubic I, and
hexagonal I, ice[4]) across different stages of ice nu-
cleation and growth. Subsequently, frames extracted
from the MD trajectory, and structural descriptors
that represent the local atomic environments were
computed (Fig. 1a). The structural descriptors con-
sist of rotationally invariant Steinhardt[5] and SOAP
descriptors[3], which constitute the input to the vAE

model (Fig. 1b). Next, we trained VAE model to learn
the latent embedding Z of the structural descriptors
(in Fig. 1b). The UMAP algorithm[6] were applied to
visualize the latent space (Fig. 3). Finally, we applied
vector quantization (via HDBSCAN[7]) to detect clus-
ters representing similar local atomic environments
in the UMAP projection (Fig. 3).

With our approach, we detect 18 clusters corre-
sponding to structurally distinct local atomic environ-
ments from the trajectory (in Fig. 3a). These motifs
exhibit various energy signatures (Fig. 3b), and per-
sist at different stages of ice nucleation and crystalliza-
tion (Fig. 3c). From the local atomic environments
corresponding to the cluster medoids (inset in Fig.
3a), these structural motifs exhibit varying composi-
tions of liquid, interfacial, and I, structures in the
neighborhood of the central atoms. These observa-
tions affirm that the latent embedding of the VAE can
distinguish ice-like from liquid-like environments.
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Fig. 1: Workflow and VAE model. (a) Schematic illus-
tration of workflow employed, including the featur-
ization of atomic environments to generate struc-
tural descriptors, which were used to train the VAE
to learn a compressed latent representation Z. (b)
Block diagram illustrating VAE architecture. The di-
mensionality of the input features and latent space
of each component and loss function are displayed.

2.2 Clustering and Analysis of structural motifs

We now turn to analyze the structure and phys-
ical properties of the distinct clusters correspond-
ing to distinct local atomic environments (which we
call motifs) identified in Fig. 3. The local environ-
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Fig. 2: Stages of nucleation and crystal growth from
nucleation trajectory. (a) Atomic potential en-
ergy (Ve gop) within the range of -0.36 €V (-34.7 kJ
mol 1) to -0.46 eV (-44.4 K] mol~!), and (e) ice struc-
ture types classified by CHILL+[4] with the color
code: cubic (orange), hexagonal (blue), interfacial
(green), liquid (white). Hydrates and interfacial hy-
drate structure types identified are negligible.

ments of predominantly ice- (motifs 1-5) and liquid-
like motifs (8,11-13) can be distinguished using CHILL+
algorithm[4] (Fig. 3a). Indeed, the map of atomic po-
tentials energies over the UMAP projection (Vi gop;
Fig. 3b) illustrates regions of higher Vy gop exhib-
ited by liquid-like motifs (see Table 1). The intermedi-
ate region in the UMAP projection (dashed rectangle
in Fig. 3a) highlights the presence of transient mo-
tifs, whose local environments contain disordered
ice (or stacking fault ice I,y) formed at early stages of
nuclei formation (e.g., from 16 — 10; Fig. 3d). Based
on this, we classify three distinct categories of motifs
as summarized in Table 1: (1) disordered liquid mo-
tifs (8, 11-13); (2) transient motifs (6,7,9,10, 14-18) that
temporarily form during nuclei growth; and (3) ice
motifs (1-5) that comprises different compositions of
I, I. and I, ices.

The structural and physical properties exhibited by
these various motifs can be characterized. As shown
in Table 1, liquid motifs (e.g., 12,13) exhibits a higher
local atomic density (pyoro Of 0.97~0.99 g/cm?) com-
pared to transient motifs and ice motifs (V,or, 0f 0.93
g/cm?®). Indeed, this affirms that liquid motifs exhibit
densities close to liquid water (0.997 g/cm?), whereas
ice motifs exhibit densities comparable to ice (0.917
g/cm?®) under ambient conditions. Following the clus-
ters of nuclei formation in UMAP projection, we ob-
serve that the median p,,,, of motifs decreases in
the order of 13 — 11 — 16 — 17 that corresponds to
the gradual transition from liquid-like to transient
motifs (Fig. 3a). This aligns with the trends of in-
creasing tetrahedral order (decrease in A) at the on-
set of nuclei formation.[2] These trends also point to
the development of ordered tetrahedral regions in
supercooled water that resemble LDA ice[8], which
constitute locally favorable structures that precede
nuclei formation[9]. As such, we attribute motif 16
- which exhibits a moderate py,,, of 0.94 g/cm® and
a low A of 0.265- to the presence of structurally or-

dered LD environments in supercooled water (cyan
cluster in Fig. 3)[8, 10]. Conversely, motifs 8 and 12,
which exhibit lower tetrahedral order (A of 0.6~0.67)
and higher local density (pyoro of 0.99 g/cm?), can be
attributed to bulk water prior to supercooling. Tran-
sient motifs 1I and 13 possess intermediate values
of puoro Of 0.96 g/cm® and A of 0.265, which can be
attributed to supercooled water.

In summary, our vector quantization approach en-
ables explainable interpretation of structural motifs
in the latent space of autoencoders. We expect that
our model and workflow can be applied to elucidate
structural motifs in other materials of interest.
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Fig. 3: Clustering analysis of structural motifs dur-
ing ice nucleation. (a) UMAP projection of the VAE
latent embedding (Z) for the nucleation trajectory
labeled by HDBSCAN clusters. Local environments
corresponding to the cluster medoids are visual-
ized. (b) UMAP projection labeled by simulation
time (ns) and Vy gop (meV/H,0). (c) Density distri-
bution of data at various stages of the nucleation
trajectory. (d) Region on the UMAP illustrating tran-
sient motifs within the dashed rectangle in (a).

Motif Cluster Pooro Tetrahedral
Category Labels (g/cm?) order (A)
Liquid 8, 11-13 0.97~0.99 0.48~0.67
Transient | 6,7910, 14-18 0.93~0.94 0.15~0.27
Ice 1-5 0.93~0.93 0.14~0.14

Table 1: Categories and properties of structural mo-
tifs. Summary of the different categories and of
key physical properties of identified motifs in Fig.
3. The range of mean values of the physical prop-
erties across the different categories are shown,
including the local atomic density p,oro (g/cm?) cal-
culated from the Voronoi cell volume, tetrahedral
order parameter A. Note that a lower value of A
indicates a greater tetrahedral order.
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