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The widespread application of machine learning (ML) to the chemical sciences is making it
very important to understand how the ML models learn to correlate chemical structures
with their properties, and what can be done to improve the training efficiency whilst
guaranteeing interpretability and transferability. In this work, we demonstrate the wide
utility of prediction rigidities, a family of metrics derived from the loss function, in
understanding the robustness of ML model predictions. We show that the prediction
rigidities allow the assessment of the model not only at the global level, but also on the
local or the component-wise level at which the intermediate (e.g. atomic, body-
ordered, or range-separated) predictions are made. We leverage these metrics to
understand the learning behavior of different ML models, and to guide efficient dataset
construction for model training. We finally implement the formalism for a ML model
targeting a coarse-grained system to demonstrate the applicability of the prediction
rigidities to an even broader class of atomistic modeling problems.

1 Introduction

In data-driven chemistry, computational and experimental data'* is exploited to
deduce new insights that are beneficial for the mechanistic understanding of
chemical processes. Data-driven chemistry relies on machine learning (ML)
models,*® which exhibit greater flexibility and scalability to larger datasets
compared to pre-existing regression methods. One crucial aspect to consider in ML
is that the models are intrinsically statistical, and hence their predictions are always
made with a degree of uncertainty.®** This can be exploited to understand when and
when not to trust the model predictions by reliably quantifying their uncertainties.

In this application domain, ML models are often built to predict a quantity as
a sum of constituent terms rather than directly predicting the global, physical
observable associated with a given chemical system. Examples include predicting
the local energies of constituent atoms as opposed to the total energy of an entire
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system,'>"” or combining predictions at multiple length-scales.’*>** Such approaches

enhance the transferability of ML models, and offer a heuristic understanding of
complex chemical phenomena as projections over interpretable components of the
system.””>® However, they contribute a degree of arbitrariness to the ML models, as
the global target properties can be decomposed in many different ways.”*>*
Consequently, the interpretability and transferability of the ML model are also
connected to the quality and robustness of these intermediate predictions.

To better understand the implications of arbitrariness in the target decom-
position, some of us have recently proposed prediction rigidities as metrics to
quantify the robustness of ML model predictions.”**® Prediction rigidities are
derived from a constrained loss formulation to quantify the degree of sensitivity,
or “rigidity”, of a ML model when the value of one prediction is perturbed away
from that obtained from the unconstrained model. From a practical perspective,
they allow for an understanding of how stable the ML model predictions are with
respect to changes in the model architecture or dataset makeup. One can easily
derive several different versions of the prediction rigidity depending on where the
constrained loss formulation is applied. This allows for a form of “introspection”
of the ML models, even at the level of intermediate (e.g. atomic, body-ordered, or
range-separated) predictions. The prediction rigidities are also versatile in that
the precise details of model training, e.g. incorporation of multiple loss terms,
weighting of different training samples, can be exactly accounted for.

In this work, we demonstrate the utility of prediction rigidities in ML for
chemical sciences under a wide range of atomistic modeling scenarios. First, the
theory behind the prediction rigidities is briefly revisited. Next, a practical
extension of the prediction rigidities to neural network-based ML models is
demonstrated, which we then use to explore the learning dynamics of such
models. This is followed by a section where the global and local prediction
rigidities are used to guide the efficient construction of a training set, where these
metrics make a difference in resolving degeneracies and decreasing the error for
the systems of interest. Subsequently, we analyze the learning behavior of multi-
component models (e.g. a body-ordered model, a multi-length-scale model),
showing that orthogonalization of different components can improve their
interpretability. Finally, the wide applicability of the PRs is showcased by
implementing the formalism for a coarse-grained ML model of water and
observing that one can use the metrics to monitor convergence and to detect
potential failures.

2 Theory

In this section, we present the theoretical background of prediction rigidities for
atomistic ML models. As there exist two previous publications where the general
derivation of prediction rigidities was presented in detail,***" here we exclusively
focus on how the prediction rigidities can be formulated for ML models in the
field of chemical sciences.

2.1 Prediction rigidity (PR)

The name “prediction rigidity”, hereon abbreviated as PR, comes from the
mathematical construction devised by Chong et al.*® to quantify the response of
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a regression model, in terms of its loss, to a small perturbation Ae, (where %
denotes a specific sample) in the prediction that is imposed through a Lagrange
multiplier. By taking a constrained loss minimization approach, one obtains an
expression for the change in model loss with respect to the optimum:

1
Ay = 5R*Aei + 0[A&]. 1)

A% is proportional to the square of Aey, and the corresponding coefficient Ry
defines the PR. Several different types of PR can be defined by targeting different
terms in the model (e.g. local, component-wise, etc.) with Aey, all sharing the
following structure:

] -1
Ry = (g4 H,'gy) (2)
where
Fiag/
Ho= Swaw ., 3)

is the Hessian of the loss # with respect to the weights w computed at the
optimum w,. Note that H, does not depend on the specific sample or prediction
type. Only the vector g, does, and it can be easily adjusted to target different
prediction types as outlined in Table 1. Additionally, the PRs do not require the
target values used for regression when the model is trained with a squared loss.
From eqn (2), it is evident that the PR has the meaning of the inverse norm of g,
using the matrix H," as the metric tensor. Note that similar expressions can be
identified in the formulations of pre-existing approaches for uncertainty quan-
tification and active learning.’"*

2.2 Versatile formulation for arbitrary losses

Given the versatility in their mathematical construction, the PRs can easily
account for different loss forms. Here, we take the case of ML interatomic
potentials (MLIPs) as a practical example, since it is one of the most widespread

Table1 Types of prediction rigidities presented in this work, along with the purpose they
serve and the corresponding gy used in their derivations

Form of g,
Name and purpose Prediction type in (2)

PR Prediction rigidity - for assessing Global prediction, Yy 0¥y
the confidence on the global oW
predictions of ML models Wo

LPR Local prediction rigidity - for Local prediction for ay;
assessing local predictions of e~nvironment 5 ow "
models that incorporate a locality Yo =3 ¥
ansatz je*

CPR  Component-wise prediction }jredictipn component, aYe
rigidity - for separately assessing Yc Yo =Y¢, +Yc, +.. w
different prediction components of  (e.g. body-orders, multiple Wo
models that incorporate several length-scales)

additive prediction components
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applications of ML for chemical sciences.'>*>'**-% MLIPs are trained on first-
principles energies, often in conjunction with the forces and/or stresses. The
loss for the model corresponds to

s =3t (4)

where
ti=2g (E,- - E,->2 + 4/‘2( i *f,-.a)z Ay (55— Sig)’ (5)
) 5

Here E, f, and s are energy, forces and stresses, « and § correspond to different
force and stress components, and A denotes the weight applied to each loss term.

In such a case,
fZ (af,a) w5 Z(aw) aa,ﬁ>7 ©

JE;
H= Z/(AE< w)
which follows from using a generalized Gauss-Newton approximation of the
Hessian. This avoids prohibitively expensive calculations of the second deriva-
tives of the model. More information on this approximation and on its applica-
tion to arbitrary loss functions can be found in Appendix A.

2.3 Formulation for neural networks

The PR can be formulated in a simple, closed form for both linear and kernel
models. In the case of “deep” neural network (NN) models that are widely used for
their enhanced flexibility and scalability to large datasets, the formulation is less
obvious. Although the application of PRs to NN models can be attempted by treating
the entire NN as a pseudo-linear model,* the quadratic scaling of the pseudo-
Hessian matrix with respect to the number of NN parameters makes it impractical.

Recently, Bigi et al.*® have proposed a different approach to conveniently
obtain the PRs of NN models. Grounded on the theories of the Laplace approxi-
mation and neural tangent kernel (NTK), they properly justify the exclusive use of
the last-layer latent features of the NN in calculating the PRs when the model is
linear in the final readout layer for prediction. Note that similar last-layer
approaches can be found in other related works."*¢* The last-layer PR is then
given by modifying (2) so that only the weights of the last layer are considered for
the derivatives in eqn (3), and in the definitions of g, in Table 1. For instance,
assuming a loss function given by a sum of squared errors, the last-layer PR is
given by

R o (fI (FTF + ) "f*) B 7)

where F is a matrix (of dimensions Niuin X Nreatures) CONtaining the last-layer
latent features for every sample in the training set, f, are the analogous
features for sample * under consideration, and the ¢’I term is a regularization
term. Likewise, the last-layer local prediction rigidity (LPR) is given by

R (fT(FTF+;21) f) , 8)
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where f; are the last-layer latent features for environment j.

In the following section, we present the application of this approach to NN-
based atomistic ML models in performing uncertainty quantification and
assessing their learning dynamics. We remark that the computational cost to
obtain these last-layer PRs is typically small, no re-training or modification to the
NN model is needed, and that the formalism can also be applied to the trained NN
models.

3 PRs of NN models

In this section, we study the last-layer PRs of three representative NN-based
atomistic ML models: a Behler-Parrinello NN** that takes the smooth overlap
of atomic positions (SOAP)* as input (hereon referred to as SOAP-BPNN),
a polarizable atom interaction NN (PaiNN),"* and MACE.* The first two models
were trained on the QM9 dataset*® to predict the total energies of the molecules,
using smaller subsets of 10 000 training, 1000 validation, and 5000 test samples.
For MACE, a different dataset composed of Si;, clusters with 8000 training, 1000
validation, and 1000 test samples was employed, also using the total energies as
targets. Full details of model training and dataset acquisition can be found in the
ESL+

3.1 Last-layer PRs of NN models

We start by establishing the validity of a last-layer approximation when
computing the PR of NN-based models. To do so, we show that the inverse of the
last-layer PR can be used to quantify the model uncertainty in the total energy for
the three architectures.*® Results in Fig. 1 show the correlations between empir-
ical errors of the model on the test set vs. their estimates using the inverse of the
PR. A linear correlation between the actual and estimated errors can be clearly
observed for all three models, and across the entire range of consideration, which
shows the validity of the last-layer PR as a metric to quantify the robustness of NN-
based atomistic model predictions.

We also consider the last-layer LPR of the three NN-based models. As there
exist no physical targets for the local energies, we performed ten additional
training runs for each NN model on a 10-fold sub-sampled dataset, and analyzed
the variance in the local predictions with respect to the committee average. Fig. 2
shows that in all three cases, a clear inverse trend between the local energy
variance and the last-layer LPR exists, indicating that the local predictions for the
high LPR environments are more robust, and vice versa. These results corroborate
the efficacy of the last-layer approximation in also computing the LPR of NN-
based atomistic ML models.

3.2 Assessing the learning dynamics

We now consider the impact of training details on the PR distribution. In NN-
based models, the training is almost always carried out via numerical optimiza-
tion, as opposed to linear or Gaussian process regressors that are commonly
trained in an analytical, deterministic manner. Hence, we first investigate the
changes in the model along the optimization “trajectory” by computing the last-
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Fig. 1 Trends between empirical errors and estimated model uncertainties for SOAP-
BPNN, PaiNN, and MACE. The top row presents the absolute error vs. estimated error. The
bottom row shows the plots of squared error vs. estimated variance (inverse of PR), where
each point is an average over 50 (SOAP-BPNN and PaiNN) or 25 (MACE) test set samples
with similar estimated variance values. Results for SOAP-BPNN and PaiNN are on the QM9
dataset, and for MACE are on the Si;g dataset. In all plots, y = x line is shown in black. In the
top row, isolines that enclose fractions of the total probability equivalent to g, 20 and 3o of
a Gaussian distribution (approximately 68%, 95%, 99%) are shown in gray.*3°

layer LPR of the local environments in the test set for several intermediate
checkpoints of a SOAP-BPNN model along its optimization trajectory.

Fig. 3a shows that the randomly initialized model at epoch 0 already captures the
overall trend in the LPRs observed in the final model. As the learning progresses, the
LPR distribution quickly converges, as apparent from the lack of clearly distin-
guishable markers for epochs between 120 and 220. In fact, the average relative
change in the LPRs with respect to the original model drops below 5% at epoch 120,
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Fig. 2 Variance in the local energy predictions vs. last-layer LPR for SOAP-BPNN, PaiNN,
and MACE. Results for SOAP-BPNN and PaiNN are on the QM9 dataset, and for MACE are
on the Sijo dataset. The LPRs are normalized to the maximum observed value from the test
set in each case. Each point corresponds to an average over 100 local predictions with
similar LPR values.
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Fig. 3 Dependence of the last-layer LPR distribution of 100 test set molecules on (a)
model optimization trajectory, and (b) training set size, for the SOAP-BPNN model trained
on QM9. The left panels show raw LPR distributions, where the local environments are
ordered by the LPR distribution of the final model trained on the full dataset to numerical
convergence. Right panels show the average (normalized) LPR differences of the inter-
mediate models from the final model.

and below 1% at epoch 160. We conjecture this to be connected to the Gaussian-
process neural network theory in the last-layer approximation,* ™ whereby the
NTK calculated with last-layer weights remains approximately constant during
training and independent of random initial values in the limit of infinitely wide
neural networks. Within this theory, the equivalence between the linear and
Gaussian process formalisms implies the approximate invariance and initialization-
independence of the LPR (and all other PRs) for sufficiently wide neural networks.

Next, we consider the dependence of the PR distribution on dataset size by
training additional SOAP-BPNN models using smaller training subsets of 500,
1000, 2233, and 5000 structures while keeping the validation set fixed. Resulting
changes in the last-layer LPR of local environments in the test set are presented in
Fig. 3b. Here, apart from the increasing trend due to the growth of the training
set, notable differences in the relative LPR distributions are observed across the
models, with average normalized (by LPR; of each model, where j is the highest
LPR environment for the original model) relative LPR differences of 41%, 52%,
32% and 55% with respect to the original model. This is explained by how the
smaller subsets of the training set can describe entirely different loss landscapes
for the model. It also highlights the importance of judicious dataset composition
in achieving a robust description for the systems of interest, which is further
investigated in the next Section.

4 PR-guided dataset construction

In this section, we demonstrate the utility of the PRs in guiding efficient dataset
construction for ML model training. Such an effort becomes important when
computational resources are limited, the desired level of theory - and thus the
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computational cost of additional reference calculations - is high, and/or it is
necessary to refine a pre-trained ML model on a curated set of additional struc-
tures, as in the fine-tuning of universal or foundation models for a specialized
application.***® We target such scenarios in two separate case studies: in the first,
we consider the case of fine-tuning a trained model to extend its applicability to
another system of interest. In the second, we consider how the PRs can be
exploited in the active learning of atomistic ML models, where one seeks to
identify the structure(s) that best resolve the uncertainty within each iteration of
the active learning process.

4.1 PR-guided dataset augmentation

As a case study, we consider extending the applicability of a ML model trained on
the total energies of bulk carbon structures to surface-containing structures. For
this, a linear Laplacian eigenstate ACE (LE-ACE) model* is trained on a set of 800
bulk, high density (p > 3.0 g cm ) amorphous and liquid carbon structures taken
from the GAP-17 carbon dataset.”® We attempt to make this model transferable to
surface-containing structures by adding a few additional structures and re-
training the model, where the additional structures are selected from a larger
candidate pool of bulk amorphous carbon structures that span the entire density
range. While there exists an obvious approach of directly incorporating the
surface-containing structures, we limit the choice to bulk structures for the sake
of highlighting the utility of our proposed metrics. This creates a challenging
scenario where we attempt to achieve model applicability for one system by
incorporating a few samples from another system. Full details of model training
and target-oriented dataset augmentation are provided in the ESL

Here we devise an iterative, PR-guided dataset augmentation strategy where,
given a candidate pool, the structure that most increases the PR for the target
systems is selected at each iteration. The added structure is promptly taken into
account by updating H, as multiple structures get selected. We demonstrate this
strategy for the present case study by selecting up to 10 bulk structures that best
improve the PR of the surface-containing systems. For reference, we also perform
random selection from the entire candidate pool, as well as random selection of
low-density structures (p < 2.0 g cm™?) that are more likely to contain surface-
resembling local environments as a less naive baseline. Both random selection
approaches are repeated 10 times with different random seeds.

Fig. 4a shows that the PR-guided strategy unsurprisingly yields significantly
higher PRs for the surface-containing structures. Random selection of low-density
bulk structures exhibits higher PRs than complete random selection, but is much
less effective. In Fig. 4b, the PR-guided strategy efficiently diminishes the root
mean squared error (RMSE) for the surface-containing structures by 0.297 eV with
only one additional structure. The RMSE remains low for the proposed strategy
from there on, with the lowest RMSE of 0.107 eV observed at four additional
structures. Both random selection approaches perform poorly in diminishing the
RMSE for the surface-containing structures, exhibiting large fluctuations and
higher RMSE than the initial model in some cases. All in all, the PR-guided
dataset augmentation strategy successfully identifies a small set of structures
that best decrease the error for the target systems, without any explicit model
training or reference calculations. The strategy goes beyond simple chemical
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Fig. 4 Results of dataset augmentation for the linear LE-ACE carbon model in extrapo-
lating to surface-containing systems while only being trained on the bulk systems. Panel
(@) shows the PR and panel (b) shows the energy RMSE of surface-containing carbon
structures when up to 10 additional samples are added to the training set. Three
approaches for structure selection are considered: random selection, random selection of
low-density (p < 2.0 g cm ™) samples only, and the iterative PR-guided selection. Plots for
the random selection cases are the average of results from 10 random seeds.

intuition, as it selects the samples among the low-density ones that are the most
adept at reducing the RMSE for the target systems. Our proposed strategy would
be even more useful when there does not exist a clear, chemically intuitive
approach of selecting the additional structures for fine-tuning.

4.2 Active learning

Active learning is a ML technique where the model predictions are continuously
assessed during their application, and if the predictions do not satisfy a certain
criterion, new training samples are added and the model is re-trained.** The
simplest realization of this strategy based on the PR formalism would be to
estimate the uncertainties as the inverse of the PR during inference, identify the
samples where the predictions fall below a certain confidence threshold, and add
them to the training set to increase the reliability of the model. In Appendix B, we
show that this approach is guaranteed to achieve the desired effect, since adding
a sample to the training set results in an increase of its PR by one.

In atomistic ML, however, active learning is often employed at the local level to
identify the environments for which the model exhibits high uncertainty, and add
new samples that best improve the model accuracy for those environments. Here,
the simplest approach may still be to directly add the structure that contains the
local environment of high uncertainty. Nevertheless, this is not always possible:
in cases where the ML models are used to simulate large bulk chemical systems,
reference calculations for the problematic structures of interest would be
prohibitive. An alternative approach is to exploit the locality of atomistic ML
models and add smaller structures that still contain the local environment of high
uncertainty. This then raises the question of what would be the best approach to
obtain the smaller representative structures. In this subsection, we use the LPR to
assess different approaches of obtaining the small representative structures for
active learning.

For the case study, we use a linear LE-ACE model** trained to predict the total
energies of 500 randomly selected carbon structures from the entire GAP-17
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dataset.”® We then consider performing a single active learning iteration for the
model, targeting a liquid carbon structure with 13 824 atoms from a large-scale
molecular dynamics (MD) simulation. Further details regarding model training
and acquisition of the MD structure are given in the ESIL.t After identifying the
local environment with the highest uncertainty (lowest LPR) in the large structure,
we investigate the following strategies of small representative structure
construction (see Fig. 5a for illustrations):

o Cluster carving:* the local environment is simply treated as a non-periodic
spherical cluster with the high uncertainty atom at the center.

e Periodic embedding:***® a cube tightly containing the local environment of
interest is extracted to generate a smaller periodic system.

e High-symmetry (HS) embedding: the local spherical environment is removed
from the original structure and embedded into a high-symmetry, crystalline
structure.

In the case of periodic embedding, the unit cell dimensions are adjusted so
that close-contact distances between atoms are above 1 A to avoid non-physical
atomic configurations. In the HS embedding, the unit cell dimensions of the
HS structure are expanded to a minimum size that includes both the local envi-
ronment of interest and a local environment from the high-symmetry structure,
whilst satisfying the close-contact criterion. Exceptionally, in this case, the HS
structure used for embedding (diamond in our case study) is also added to the
training set. In both embedding approaches, “buffer atoms” that exist outside of
the fixed local environments are randomly displaced by sampling from
a Gaussian distribution with ¢ = 0.2 A. Apart from the listed strategies, inclusion
of the entire target structure is also considered as a baseline.

In Fig. 5b, both original structure inclusion and cluster carving exhibit LPR
enhancements slightly below 0.2%. From the LPR perspective, since the original
structure contains a large number of atoms, there is large, unresolved arbitrari-
ness in how the total energy of the structure is partitioned into the local

()

orig. structure
=3 cluster carving
[ periodic embedding
[ HS embedding

(@) Low LPR (bu) "
A

/ Structure to add for active learning: \

Original Periodic
structure embedding

Cluster High-symmetry 0.0- T T T
carving embedding Added sample type 10° 10t 102

# of added samples

=
©
s

104

o
o
L

o
>
L

o
N
N

% LPR enhancemen

Fig. 5 LPR enhancements for the local environment of high uncertainty when different
strategies are employed to acquire the additional samples for active learning. Panel (a) is
a schematic that visually explains the different strategies of obtaining the additional
structures. Blue atoms comprise the identified local environment of high uncertainty. In
high-symmetry (HS) embedding, atoms in the HS local environment are shown in red. In
both embedding cases, buffer atoms are shown in light gray. Note that the systems are not
in scale with one another. Panel (b) presents the LPR enhancements when a single
additional structure is used, except for the case of HS embedding where the diamond
structure used for embedding is also added. Panel (c) shows the LPR enhancements vs. the
number of added samples. In the case of original structure inclusion and cluster carving,
the same sample is added multiple times.
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contributions. In the case of cluster carving, lack of information on the local
environments other than the one of interest leads to the unresolved arbitrariness,
especially given that the other local environments encompass the cluster surface
that most likely does not appear in the original training set. As a result, the LPR
enhancements for these two approaches are rather low.

The two embedding strategies result in comparably larger LPR enhancements
of 0.5% for periodic embedding and 0.8% for HS embedding. In the periodic
embedding case, using a much smaller unit cell tightly bound to the local envi-
ronment of interest results in a smaller number of atoms, and this allows the
model to better resolve the uncertainty in the local environment of interest. In the
case of HS embedding, the strategy benefits from similar factors as well as the
coexistence of a local environment from the HS structure, diamond. By addi-
tionally including the diamond structure, the LPR for the diamond environment
is fully resolved,? and hence the LPR of the target local environment gets further
enhanced.

Results in Fig. 5¢ show that inclusion of multiple structures can further resolve
the uncertainty in the target environment. In the case of periodic embedding,
inclusion of 10 structures as opposed to 1 increases the LPR enhancement from
0.5% to 7.7%. This is explained by the presence of buffer atoms and their random
displacement between multiple structures, which effectively resolves their local
degeneracies. For this particular case study, the LPR enhancement for HS
embedding becomes lower than periodic embedding with a few more added
samples due to a larger number of buffer atoms (see Fig. 5a). These results reveal
the clear benefits of adopting an embedding approach and adding multiple
structures at each iteration of the active learning process to best resolve the local
uncertainties encountered by atomistic ML models. Note that first-principles
calculations for 10 small representative structures would still be immensely
cheaper than that for the original structure. In practice, a threshold can be
implemented to ensure that enough structures are used to sufficiently resolve the
uncertainties in the identified local environment at each active learning iteration.
Lastly, one can envision more realistic methods of imposing the displacements
on the buffer atoms (e.g. constrained MD*).

5 Component-wise prediction rigidity

In many cases, a single type of descriptor falls short in adequately describing the
system of interest. Atomistic ML models are hence often constructed by using
a concatenation of multiple sets of features that describe the same system in
different ways. A straightforward example is given by body-ordered expansion
approaches,'***%%% where the descriptor is a combination of several components
that describe the same local environment in terms of increasingly large groups of
neighbors. Another example is the use of a long-range descriptor in conjunction
with a short-range descriptor to allow the ML model to learn the chemical system
at multiple length scales.'®**>*

In common model architectures, these different components in the descrip-
tors contribute to the prediction separately. That is, the global prediction of the
model is expressed as a sum over the prediction components, which shares
a resemblance with classical force fields. In this case, one can compute the
component-wise prediction rigidity, or the CPR, for the individual prediction
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components (see Table 1). The CPR then allows one to diagnose the model by
considering the prediction components individually, allowing for a more practical
understanding of where the model succeeds or fails, which model component
needs improvement, and whether the decomposition is robust and hence
interpretable.

For the remainder of this section, we consider the CPR of a linear atomic
cluster expansion (ACE) model* as well as a multi-length-scale model that
combines SOAP* and long-distance equivariant (LODE)* descriptors. In both
cases, we first use the CPR to expose the non-orthogonality of conventional
approaches in computing the descriptors and its implication on the learning
behavior of the resulting model. We then compute the CPR for the case where the
different components of the descriptors are made orthogonal with respect to one
another, revealing the clearly distinct learning behavior of the ML models as
a result of such treatment.

5.1 Body-orderedness of linear ACE models

ACE is a many-body expansion formalism™ that involves the reformulation of the
canonical many-body expansion into another expansion that also includes “self-
interactions” (i.e. higher body-order contributions where the same atom is
counted multiple times),* allowing for much greater efficiency in computing the
descriptors. While the success of the ACE formalism is evident from the
literature,*** ML models adopting the ACE formalism describe the chemical
systems with the spurious self-interactions included. Here, we use the CPR to
investigate the impact of the self-interactions in the nature of ACE models and its
implication on their learning behavior.

We consider linear ACE models® where the highest correlation order v,y is 4.
An initial model is first trained on a dataset of 500 randomly generated silicon
pentamers, training on their total energies. Next, successively modified training
sets are obtained by replacing 50 samples with dimers, then another 50 with
trimers, and finally 50 more with tetramers. Separate linear ACE models are then
trained on each of the modified datasets. Details of model training and silicon
cluster generation are given in the ESI.f Here, one can interpret the models based
on the fact that the ACE feature vector is a concatenation of multiple blocks that
each correspond to a different ». Then, since the weights applied on different »
blocks are strictly independent, each block can be seen as a separate prediction
component. One can then individually compute the CPRs for the individual »
components, as well as their energy contributions. Note that, based on this
interpretation, the successive inclusion of lower n-mers to the training set aims to
resolve the degeneracies in the energy partitioning between the different »
components.

The top row of Fig. 6 shows the CPRs and energy predictions of conventional,
self-interacting ACE models. The CPRs remain low across all » components for the
four models considered, with no resolution taking place as the lower n-mers are
added to the training set. In the total energy predictions for silicon dimers, the
three models that have seen the dimer configurations during training are able to
recover the reference dimer curve accurately. However, the v = 1 component of the
energy has no resemblance to the dimer energy in all four cases, which is a clear
indication of the arbitrary partitioning reflected by the low CPR.
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Fig. 6 Difference in the learning behavior of linear ACE models before and after purifi-
cation of the feature vectors. Results for the self-interacting ACE are shown in the top row,
and for the purified ACE are shown in the bottom row. The left column shows the
differences in the CPR for a test set of silicon pentamers as the original training set of
silicon pentamers is amended to include dimer, trimer, and tetramers, successively. The
middle column shows the predicted energies along the Si—-Si dimer curve, when the entire
feature vector is used for energy prediction. The right column shows only the v = 1 (two-
body) component of the predicted dimer energies. In the latter two columns, total energy
of the dimers from DFT calculation is shown with a dashed gray line for reference.

Recently, Ho et al.®® have introduced a “purification” operator for ACE, which
eliminates the self-interactions and allows for the exclusive consideration of
canonical contributions to the many-body expansion in the computation of ACE
features. To investigate the effect of purification on the learning behavior of ACE
models, the above exercise was repeated for the purified ACE models. In the
bottom row of Fig. 6, one sees that the purified ACE models are capable of
resolving the partitioning degeneracy between different » components, as evident
from the significant increase in the CPR of the » component when samples of the
corresponding n-mers are included in the training set. Interestingly, the final
addition of tetramers also leads to a notable increase in the CPR for » = 4, which
corresponds to the pentamers. This is a sign that the degeneracy across all of the »
components has been largely resolved. Such a trend in the CPR is reflected by
a distinct behavior in the energy predictions: in the case of purified ACE models,
both the total energy predictions and the » = 1 energy components are capable of
recovering the reference dimer curve.

These results altogether reveal that the matching of the v feature blocks with
their respective body-orders is not possible in the presence of self-interaction
terms in conventional ACE models. As an example, the models learn the dimer
energetics by using not only the » = 1, but also all of the other » components. It is
only with purification, which removes the spurious self-interaction terms, that the
ACE models become capable of learning in an explicitly body-ordered manner.

5.2 Range separation in multi-length-scale model

Many atomistic ML models employ a locality ansatz where the global property is
expressed as a sum of local contributions, based on the nearsightedness principle
of electronic matter.®” This means that the models are incapable of incorporating
structural information beyond a fixed radius around the central atom. While such
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a description is sufficient in many cases, there exist several instances where it
cannot be, most notably when long-range physics is present within the target
system. To overcome this deficiency, several strategies have been proposed,®"*
one of which is the use of long-range atomic descriptors such as LODE."*****
LODE replaces the Gaussian or delta functions placed on the atoms with
Coulomb potentials that possess 1/r tails. This allows the model to account for
the long-range interactions while retaining the atom-centered approach in
describing the chemical systems. In practice, LODE is often used in conjunction
with a short-range descriptor, such as SOAP, to allow the ML models to account
for multiple length scales.

Here, we investigate the differences in the ML model learning behavior before
and after strict range separation, i.e. eliminating any double counting of atoms
between prediction components that correspond to different length scales. To
this end, two distinct implementations of SOAP+LODE models are considered: in
the first case of non-orthogonal SOAP+LODE, the LODE descriptor is simply
computed in reciprocal space, accounting for the contributions from all atoms in
the periodic system. This results in a double counting of the atoms within the
short-range (SR) cutoff set at 2.8 A, where they contribute to both SOAP and LODE
descriptors. In the second case of range-separated SOAP+LODE, the above-
mentioned LODE descriptor is further treated by subtracting the contributions
from the atoms within the SR cutoff. A dataset composed of 100 water dimer
configurations and their total energies is used for model training. In all config-
urations, dimers are separated by more than 3 A so that only the long-range (LR)
prediction component of the model can capture the intermolecular interactions.
Then, to understand the effects of range separation, extrapolative energy
predictions of the models on 100 monomer configurations are considered.
Further details on the model training and dataset construction are provided in
the ESLt

The left panel of Fig. 7 shows changes in the CPR with respect to the training
set size. In the case of non-orthogonal SOAP+LODE, both the SR and LR predic-
tion components exhibit low CPR values throughout all considered training set
sizes, and the values remain very close to one another. In contrast, range-
separated SOAP+LODE shows a marked difference in the CPR at lower number
of training samples, with a higher CPR for the LR component. As the training set
size grows, the two converge to a high CPR value, corresponding to a difference of
seven orders of magnitude when compared to the non-orthogonal case. The water
monomer energy prediction results reveal that the non-orthogonal SOAP+LODE
models extrapolate poorly to the monomers, yielding worse predictions as the
training set size grows. Conversely, the extrapolative performance of the range-
separated SOAP+LODE models improve with the training set size, and the final
model is able to make accurate predictions with an RMSE of 7.6 meV (as opposed
to 939 meV of non-orthogonal SOAP+LODE).

The results here can be explained as the resolution in the degeneracy between
the SR and LR components of range-separated SOAP+LODE that takes place as
more samples are added. Since the water dimer dataset spans a range of different
separation distances from 3 to 10 A, when the separation is large, the LODE block
of the range-separated SOAP+LODE descriptor converges to zero, allowing SOAP
to obtain an accurate description of the individual monomers. Such effects are
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Fig. 7 Differences in the learning behavior of SOAP+LODE models trained on water
dimers before and after range separation. The left panel shows the CPRs of the models for
the short-range (SR) and long-range (LR) prediction components. The right panels show
the extrapolative energy predictions on water monomers made by the two models. Note
that in the case of non-orthogonal SOAP+LODE, not all data points are present within the
displayed energy range. Zero of the energies are set to the monomer dataset mean.

promptly captured by the different trends in the CPR observed for the non-
orthogonal and range-separated SOAP+LODE models.

Both case studies presented in this section demonstrate that without carefully
considering the overlap between different prediction components, ML models
may utilize the available features in an unexpected manner, where multiple
prediction components are used to learn the physics that can be sufficiently
described by only one. While feature orthogonalization does not guarantee
a significant improvement in accuracy,*® one should still recognize the benefits in
ensuring that each prediction component is used for its originally engineered
purpose. The CPR provides an easy strategy to individually gauge the robustness
of intermediate predictions made by the model.

6 Application to coarse-grained ML

In the computational simulation of proteins and other macromolecules, coarse-
graining techniques are often employed to study the system of interest at a signifi-
cantly reduced cost by combining rigid and/or unreactive groups of atoms into
pseudo-atoms, or beads, and sampling their configurations through an effective
potential built to match the statistical behavior of the all-atoms simulation.”>”*
Recently, such approaches have also been combined with ML interatomic poten-
tials, allowing researchers to benefit from the highly versatile functional forms
offered by the ML techniques in studying the large-scale systems of interest.”””
Here, one should note that the conventional coarse-graining approach of
“force-matching”’®”® leads to the absence of an explicit energy target for model
training. The quality of the model can then be ascertained by verifying that
thermodynamic properties, such as configurational distributions, match those of
an all-atoms simulation. Another aspect to recognize is the large noise from the
non-bijective relationship between all-atomic and coarse-grained systems. As
multiple all-atomic configurations with different energetics can be represented by
the same coarse-grained configuration, a large noise is expected to be present in
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the reference data, and the ML models are expected to learn the underlying
“potential of mean force” (PMF).” Given these complications, it is ever more
crucial to devise methods that can reliably provide the uncertainties associated
with the predictions of ML models for coarse-grained systems.*

In this final section, we demonstrate the applicability of the PR formalism for
MACE models trained on coarse-grained water, a system explored by several
others in previous ML studies.?® To generate the training data, we performed
classical all-atoms MD simulation for an NVT ensemble at 300 K. The trajectories
are coarse-grained by taking the center of mass of each water molecule as the bead
position, and separately summing the force components of the constituent atoms
to compute the three force components of each bead. The MACE models are
trained on training set sizes of 50, 100, 1000, and 10 000 configurations, where
each configuration contains 128 beads that provide 384 force targets in total. For
each training set size, random sampling and model training is repeated four
times. Fixed validation and test sets of 1000 configurations each are used. The
trained models are used to run 1 ns simulations of a 128-bead coarse-grained
water system under the same conditions as the reference all-atoms simulation.
The accuracy of the models is considered by calculating the relative PR of the

50 configurations 100 configurations 1k configurations 10k configurations
o 1.00 AP
S g o ﬁ Pt Y
v
2
® 0.95 1 g E E
& —— AAavg. PR
—— CG traj. PR
0.90 T T T T
0.0 0.5 1.0 0.0 0.5 1.0 00 0.5 1.0 00 0.5 1.0
Time [ns]
4
— G
— 1 b T 1 AA
s 24 g E E
S

Ag(r)

2 4 6 2 4 6 2 4 6 2 4 6

0.5

Fig. 8 Coarse-grained water MD simulation results of the trained MACE models. The top
row shows the PR along a single MD trajectory normalized by the average PR for the test
set. The light line shows the raw PR values, and the dark line shows the moving average
over 200 timesteps. Red line marks the average PR of the test set computed for each
model. The middle row shows the pair correlation function g(r), and the bottom row
shows the average [ = 4 local Steinhardt order parameter q4 distribution, computed for
four coarse-grained MD runs of different models trained on randomly sampled data. The
reference distribution of the all-atoms simulation is also shown in both rows.
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resulting trajectories with respect to the test set average, as well as comparing the
pair correlation function, g(r), for two-body correlations, and the average [ = 4
local Steinhardt order parameter g, distributions®® for higher body-order
correlations. Full details of dataset generation, model training, and MD simula-
tions are provided in the ESI.}

In the top row of Fig. 8, the MACE models exhibit different degrees of deviation
in the relative PR from the reference data for the different training set sizes. As the
training set size increases, the models better distinguish and learn the underlying
PMF, and as a result, PRs for the simulated system trajectory converge to that
observed for the test set configurations. A similar trend is also captured in the g(7)
and g, distributions presented in the middle and bottom row of Fig. 8, respec-
tively. At 50 training configurations, both g{(r) and g, distributions of the coarse-
grained model MD trajectories notably deviate away from the reference distri-
bution. As the training set size increases, they get closer and closer to the refer-
ence, until at 10 000 configurations, good agreement between the coarse-grained
MD trajectories and the reference is observed. These results reveal that the PRs
are useful in assessing the robustness of coarse-grained ML model predictions
and tracking their training convergence. For this application, the PR provides only
a qualitative indicator of convergence, as it is not possible to convert it into
a calibrated uncertainty estimate, given the intrinsic error in the forces associated
with the coarse-graining procedure. Still, it can be very useful, and more infor-
mative than the validation force error that saturates quickly to the limiting coarse-
graining error: when going from 50 to 10 000 training configurations, it drops only
slightly from 150 to 145 meV A~ In Appendix C, we further show that the LPR of
the models can validly detect the local uncertainty along a MD trajectory.

7 Conclusion and outlook

Throughout this work, we have established the PRs as a highly versatile set of tools
to understand, and enhance, the robustness of ML model predictions, presenting
many concrete examples for data-driven chemistry. We have shown that the PRs can
quantify the robustness of local and global predictions for various NN architectures.
We then revealed that the PR distribution for a NN model with a fixed architecture
shows dependence on dataset makeup while being largely insensitive to the opti-
mization details. Next, we have presented the utility of the PRs in guiding target-
oriented dataset augmentation and active learning, where the metrics can be
used to identify a set of structures that can best reduce the error for a target system
or resolve the uncertainty for a local environment.

We have also extended the PR formalism to the case where the model predictions
are made as a sum over several prediction components. There, our metrics uncov-
ered that without proper orthogonalization of the features, model learning behavior
can deviate significantly from expectations, and that, for example, commonly
adopted body-ordered or range-separated architectures cannot be interpreted in
terms of clearly-separated contributions. Finally, we have demonstrated the wide
applicability of the PRs by applying the formalism to NN models for coarse-grained
water and showing that the PRs correlate well with the accuracies in the macroscopic
observables from the MD simulations performed with the trained models.

The underlying mathematical formulation for PRs can be applicable to a wide
variety of ML models, even those trained on experimental reference data. It is,
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however, presently limited to regression models where the prediction is made
linearly with respect to the (last-layer) features. Future research efforts should
extend the formalism to models with non-linearity in the prediction layer, such as
classification models. All in all, the PRs are ideal metrics to adopt for improving the
interpretability and transferability of data-driven techniques, which we hope will
contribute to reliable machine learning practices in the field of chemical sciences.
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Appendices
Appendix A Prediction rigidities for generic loss functions

Although the main text focuses on the ubiquitous case of a sum of squared error
loss, it should be noted that prediction rigidities can be calculated for any loss
functions. In any case, computing H, can be prohibitively expensive and requires
an implementation of the second derivatives of the model. Therefore, an
approximation of the Hessian is often used in practice, where

dyi ! azfi dy;
H~;(W) IWOWT Ow’ ©)

This pseudo-Hessian, also known as generalized Gauss-Newton Hessian, does
not contain any second derivatives of the model, and it is equivalent to the full
Hessian in the important case of a linear model trained with a loss function
corresponding to the sum of squared errors. We recommend this formulation for
most application of the PRs.

Appendix B Proof that PR for a sample increases by one upon its addition to
the training set

Assume a loss given by a sum of squared errors. We rename, without any loss of
generality,

dy;

a—“i = Xi, (10)
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where X is the matrix that stacks all the (dy;/dw) ' and ic @. The PR before the
addition of the structure % is given by
-1
b — (XI (xTX)*lx*) , (11)
while the PR after the addition of the structure is
1 T(xT T\ -
a’l = <x* (XTX + xxx}) x*> ) (12)
The difference between the two is therefore
al—pt=qg" (b— tit)b’l =
a’ (xI (XTX)flx* —x; (XTX+ x*xl)flx*>b" =
a (XI ((XTXY1 - (XTX+ x*xI)_l)x*)b" =
a’ <XI (XTX+ x*xl)flx*xl (XTX)flx,,)b’l =
alabb™ =1,
where the matrix identity A™* — B™" = A"(B — A)B™" has been used twice (the first
of which is applied on the two scalars a and b). Trivially, this proof also holds in

the case where the same regularization term is added to X"X and XX + XxX]
before the inversion.Appendix C Utility of LPR in coarse-grained ML

In the ML models for coarse-grained systems, the LPR quantifies the robustness
of local predictions made for individual coarse-grained beads in the system. To
showecase its utility, an energetically unstable MD trajectory is obtained with the
MACE model trained on 1000 reference configurations from Section 6, and the
LPRs are computed for the initial configuration and the configuration at which
energy instability is first observed. In Fig. 9, one can see that the LPR distribution
for the initial configuration is relatively uniform without any outliers. In the
problematic configuration, the LPR values are lower for the beads that are in close
contact with one another (<2.5 A), which the model has never seen during training

log4o(LPR)

-1.5 0

Fig. 9 Bead configurations from a MD trajectory that becomes energetically unstable
from t = 0.4 ns. Each bead corresponds to a single water molecule. The initial configu-
ration is shown on the left, and the first energetically unstable configuration is shown on
the right. Beads are colored by their LPRs. The LPR values are normalized to the mean of
the initial configuration. In both cases, interatomic distances smaller than 2.5 A are
expressed as bonds.
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and are hence the sources of energy instability. Apart from the beads that are
involved in the close-contact network, several other beads are also observed with
notably lower LPR values, which indicates that the LPR is capable of detecting
local uncertainties beyond what can be deduced from simple chemical intuitions.

Acknowledgements

The authors would like to thank Félix Musil and Guillaume Fraux for the
insightful discussions and help with code implementation. Christoph Ortner and
Cheuk Hin Ho are gratefully acknowledged for discussions and sharing of an early
version of the ACE purification code. S. C. and M. C. acknowledge the support by
the Swiss National Science Foundation (Project 200020_214879). F. B., P. L.,
and M. C. acknowledge support from NCCR-MARVEL, funded by the Swiss
National Science Foundation (grant no. 182892). F. G., and M. C. acknowledge
funding from the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant no. 101001890-
FIAMMA).

Notes and references

1 S. Grazulis, D. Chateigner, R. T. Downs, A. F. T. Yokochi, M. Quiros,
L. Lutterotti, E. Manakova, J. Butkus, P. Moeck and A. Le Bail, J. Appl
Crystallogr., 2009, 42, 726-729.

2 C. R. Groom, L. J. Bruno, M. P. Lightfoot and S. C. Ward, Acta Crystallogr., Sect.
B: Struct. Sci., Cryst. Eng. Mater., 2016, 72, 171-179.

3 J. Westbrook, Z. Feng, L. Chen, H. Yang and H. M. Berman, Nucleic Acids Res.,
2003, 31, 489-491.

4 A. Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards, S. Dacek, S. Cholia,
D. Gunter, D. Skinner, G. Ceder and K. A. Persson, APL Mater., 2013, 1, 011002.

5 L. Talirz, S. Kumbhar, E. Passaro, A. V. Yakutovich, V. Granata, F. Gargiulo,
M. Borelli, M. Uhrin, S. P. Huber, S. Zoupanos, C. S. Adorf, C. W. Andersen,
O. Schiitt, C. A. Pignedoli, D. Passerone, J. VandeVondele, T. C. Schulthess,
B. Smit, G. Pizzi and N. Marzari, Sci. Data, 2020, 7, 299.

6 K. T. Butler, D. W. Davies, H. Cartwright, O. Isayev and A. Walsh, Nature, 2018,
559, 547-555.

7 J. Westermayr, M. Gastegger, K. T. Schiitt and R. J. Maurer, J. Chem. Phys., 2021,
154, 230903.

8 M. Ceriotti, MRS Bull., 2022, 47, 1045-1053.

9 F.Musil, M. J. Willatt, M. A. Langovoy and M. Ceriotti, J. Chem. Theory Comput.,
2019, 15, 906-915.

10 G. Imbalzano, Y. Zhuang, V. Kapil, K. Rossi, E. A. Engel, F. Grasselli and
M. Ceriotti, J. Chem. Phys., 2021, 154, 074102.

11 M. Kellner and M. Ceriotti, Mach. Learn.: Sci. Technol., 2024, 5, 035006.

12 J. Behler and M. Parrinello, Phys. Rev. Lett., 2007, 98, 146401.

13 A. P. Bartok, M. C. Payne, R. Kondor and G. Csanyi, Phys. Rev. Lett., 2010, 104,
136403.

14 R. Drautz, Phys. Rev. B, 2019, 99, 014104.

15 K. Schiitt, O. Unke and M. Gastegger, Proc. Mach. Learn. Res., 2021, 139, 9377-
9388.

This journal is © The Royal Society of Chemistry 2025  Faraday Discuss., 2025, 256, 322-344 | 341


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00101j

Open Access Article. Published on 23 augustus 2024. Downloaded on 13-2-2026 14:41:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

16 A. Musaelian, S. Batzner, A. Johansson, L. Sun, C. J. Owen, M. Kornbluth and
B. Kozinsky, Nat. Commun., 2023, 14, 579.

17 S. Pozdnyakov and M. Ceriotti, Adv. Neural Inf. Process. Syst., 2023, 36, 79469-
79501.

18 A. Grisafi and M. Ceriotti, J. Chem. Phys., 2019, 151, 204105.

19 A. Grisafi, J. Nigam and M. Ceriotti, Chem. Sci., 2021, 12, 2078-2090.

20 T.W. Ko, J. A. Finkler, S. Goedecker and J. Behler, Nat. Commun., 2021, 12, 398.

21 K. K. Huguenin-Dumittan, P. Loche, N. Haoran and M. Ceriotti, J. Phys. Chem.
Lett., 2023, 14, 9612-9618.

22 V. L. Deringer, C. J. Pickard and G. Csanyi, Phys. Rev. Lett., 2018, 120, 156001.

23 V. L. Deringer, N. Bernstein, A. P. Bartok, M. J. Cliffe, R. N. Kerber,
L. E. Marbella, C. P. Grey, S. R. Elliott and G. Csanyi, J. Phys. Chem. Lett.,
2018, 9, 2879-2885.

24 Z. El-Machachi, M. Wilson and V. L. Deringer, Chem. Sci., 2022, 13, 13720-13731.

25 J. L. A. Gardner, Z. Faure Beaulieu and V. L. Deringer, Digital Discovery, 2023, 2,
651-662.

26 M. Eckhoff and J. Behler, J. Chem. Theory Comput., 2019, 15, 3793-3809.

27 D. Tisi, L. Zhang, R. Bertossa, H. Wang, R. Car and S. Baroni, Phys. Rev. B, 2021,
104, 224202.

28 P. Pegolo, S. Baroni and F. Grasselli, npj Comput. Mater., 2022, 8, 24.

29 S. Chong, F. Grasselli, C. Ben Mahmoud, J. D. Morrow, V. L. Deringer and
M. Ceriotti, J. Chem. Theory Comput., 2023, 19, 8020-8031.

30 F. Bigi, S. Chong, M. Ceriotti and F. Grasselli, arXiv, 2024, preprint,
arXiv:2403.02251, DOI: 10.48550/arXiv.2403.02251.

31 D. J. MacKay, Neural Comput., 1992, 4, 590-604.

32 C. E. Rasmussen and C. K. I. Williams, Gaussian Processes for Machine Learning
(Adaptive Computation and Machine Learning), The MIT Press, 2005.

33 1. Batatia, D. P. Kovacs, G. Simm, C. Ortner and G. Csanyi, Adv. Neural Inf.
Process. Syst., 2022, 35, 11423-11436.

34 F. Bigi, K. K. Huguenin-Dumittan, M. Ceriotti and D. E. Manolopoulos, J.
Chem. Phys., 2022, 157, 234101.

35 F. Bigi, S. N. Pozdnyakov and M. Ceriotti, arXiv, 2023, preprint,
arXiv:2303.04124, DOI: 10.48550/arXiv.2303.04124.

36 J. P. Janet, C. Duan, T. Yang, A. Nandy and H. J. Kulik, Chem. Sci., 2019, 10,
7913-7922.

37 A. Zhu, S. Batzner, A. Musaelian and B. Kozinsky, J. Chem. Phys., 2023, 158,
164111.

38 J. Harrison, J. Willes and J. Snoek, arXiv, 2024, preprint, arXiv:2404.11599,
DOI: 10.48550/arXiv.2404.11599.

39 A. P. Bartok, R. Kondor and G. Csanyi, Phys. Rev. B: Condens. Matter Mater.
Phys., 2013, 87, 184115.

40 R. Ramakrishnan, P. O. Dral, M. Rupp and O. A. von Lilienfeld, Sci. Data, 2014,
1, 140022.

41 A. Jacot, F. Gabriel and C. Hongler, Adv. Neural Inf. Process. Syst., 2018, 31,
8571-8580.

42 J. Lee, L. Xiao, S. S. Schoenholz, Y. Bahri, R. Novak, J. Sohl-Dickstein and
J. Pennington, J. Stat. Mech.: Theory Exp., 2020, 2020, 124002.

43 E. Daxberger, A. Kristiadi, A. Immer, R. Eschenhagen, M. Bauer and P. Hennig,
Adv. Neural Inf. Process. Syst., 2021, 34, 20089-20103.

342 | Faraday Discuss., 2025, 256, 322-344  This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.48550/arXiv.2403.02251
https://doi.org/10.48550/arXiv.2303.04124
https://doi.org/10.48550/arXiv.2404.11599
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00101j

Open Access Article. Published on 23 augustus 2024. Downloaded on 13-2-2026 14:41:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions

44
45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

C. Chen and S. P. Ong, Nat. Comput. Sci., 2022, 2, 718-728.

B. Deng, P. Zhong, K. Jun, J. Riebesell, K. Han, C. J. Bartel and G. Ceder, Nat.

Mach. Intell., 2023, 5, 1031-1041.

I. Batatia, P. Benner, Y. Chiang, A. M. Elena, D. P. Kovacs, ]J. Riebesell,

R. Advincula, M. Asta, M. Avaylon, W. ]J. Baldwin, F. Berger, N. Bernstein,
Bhowmik, S. M. Blau, V. Carare, J. P. Darby, S. De, F. D. Pia,
L. Deringer, R. EljjoSius, Z. El-Machachi, F. Falcioni, E. Fako,

C. Ferrari, A. Genreith-Schriever, J. George, R. E. A. Goodall, C. P. Grey,

Grigorev, S. Han, W. Handley, H. H. Heenen, K. Hermansson, C. Holm,

Jaafar, S. Hofmann, K. S. Jakob, H. Jung, V. Kapil, A. D. Kaplan,

. Karimitari, J. R. Kermode, N. Kroupa, J. Kullgren, M. C. Kuner, D. Kuryla,

. Liepuoniute, J. T. Margraf, I.-B. Magdau, A. Michaelides, J. H. Moore,

A. Naik, S. P. Niblett, S. W. Norwood, N. O’Neill, C. Ortner, K. A. Persson,
Reuter, A. S. Rosen, L. L. Schaaf, C. Schran, B. X. Shi, E. Sivonxay,
K. Stenczel, V. Svahn, C. Sutton, T. D. Swinburne, J. Tilly, C. van der
Oord, E. Varga-Umbrich, T. Vegge, M. Vondrak, Y. Wang, W. C. Witt, F. Zills
and G. Csanyi, arXiv, 2024, preprint, arXiv:2401.00096, DOI: 10.48550/
arXiv.2401.00096.

H. Yang, C. Hu, Y. Zhou, X. Liu, Y. Shi, J. Li, G. Li, Z. Chen, S. Chen, C. Zeni,
M. Horton, R. Pinsler, A. Fowler, D. Zugner, T. Xie, J. Smith, L. Sun, Q. Wang,
L. Kong, C. Liu, H. Hao and Z. Lu, arXiv, 2024, preprint, arXiv:2405.04967, DOI:
10.48550/arXiv.2405.04967.

B. Focassio, L. P. M. Freitas and G. R. Schleder, arXiv, 2024, preprint,
arXiv:2403.04217, DOI: 10.48550/arXiv.2403.04217.

H. Kaur, F. D. Pia, I. Batatia, X. R. Advincula, B. X. Shi, J. Lan, G. Csanyi,

A. Michaelides and V. Kapil, arXiv, 2024, preprint, arXiv:2405.20217, DOI:
10.48550/arXiv.2405.20217.

V. L. Deringer and G. Csanyi, Phys. Rev. B, 2017, 95, 094203.

S. J. Ang, W. Wang, D. Schwalbe-Koda, S. Axelrod and R. Gomez-Bombarelli,
Chem, 2021, 7, 738-751.

D. Schwalbe-Koda, A. R. Tan and R. Gomez-Bombarelli, Nat. Commun., 2021,
12, 5104.

E. V. Podryabinkin, A. G. Kvashnin, M. Asgarpour, I. I. Maslenikov,

D. A. Ovsyannikov, P. B. Sorokin, M. Y. Popov and A. V. Shapeev, J. Chem.
Theory Comput., 2022, 18, 1109-1121.

Y. Lysogorskiy, A. Bochkarev, M. Mrovec and R. Drautz, Phys. Rev. Mater., 2023,

7, 043801.

F. N. Jalolov, E. V. Podryabinkin, A. R. Oganov, A. V. Shapeev and

A. G. Kvashnin, Adv. Theory Simul., 2024, 7, 2301171.

L. C. Erhard, J. Rohrer, K. Albe and V. L. Deringer, Nat. Commun., 2024, 15,
1927.

V. Zaverkin, D. Holzmiiller, H. Christiansen, F. Errica, F. Alesiani,

M. Takamoto, M. Niepert and J. Késtner, npj Comput. Mater., 2024, 10, 83.

I. Batatia, S. Batzner, D. P. Kovacs, A. Musaelian, G. N. C. Simm, R. Drautz,

C. Ortner, B. Kozinsky and G. Csanyi, arXiv, 2022, preprint,

arXiv:2205.06643, DOI: 10.48550/arXiv.2205.06643.

J. Nigam, S. Pozdnyakov, G. Fraux and M. Ceriotti, J. Chem. Phys., 2022, 156,

204115.

M. J. Willatt, F. Musil and M. Ceriotti, J. Chem. Phys., 2019, 150, 154110.

SRPOZT NP <P N

This journal is © The Royal Society of Chemistry 2025  Faraday Discuss., 2025, 256, 322-344 | 343


https://doi.org/10.48550/arXiv.2401.00096
https://doi.org/10.48550/arXiv.2401.00096
https://doi.org/10.48550/arXiv.2405.04967
https://doi.org/10.48550/arXiv.2403.04217
https://doi.org/10.48550/arXiv.2405.20217
https://doi.org/10.48550/arXiv.2205.06643
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00101j

Open Access Article. Published on 23 augustus 2024. Downloaded on 13-2-2026 14:41:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

61 D. P. Kovacs, C. v. d. Oord, J. Kucera, A. E. A. Allen, D. J. Cole, C. Ortner and
G. Csanyi, J. Chem. Theory Comput., 2021, 17, 7696-7711.

62 G. Dusson, M. Bachmayr, G. Csanyi, R. Drautz, S. Etter, C. van der Oord and
C. Ortner, J. Comput. Phys., 2022, 454, 110946.

63 M. Qamar, M. Mrovec, Y. Lysogorskiy, A. Bochkarev and R. Drautz, J. Chem.
Theory Comput., 2023, 19, 5151-5167.

64 C.van der Oord, M. Sachs, D. P. Kovacs, C. Ortner and G. Csanyi, npj Comput.
Mater., 2023, 9, 168.

65 W. C. Witt, C. van der Oord, E. Gelzinyte, T. Jarvinen, A. Ross, ]J. P. Darby,
C. H. Ho, W. ]J. Baldwin, M. Sachs, J. Kermode, N. Bernstein, G. Csanyi and
C. Ortner, J. Chem. Phys., 2023, 159, 164101.

66 C. H. Ho, T. S. Gutleb and C. Ortner, J. Comput. Phys., 2024, 515, 113271.

67 E. Prodan and W. Kohn, Proc. Natl. Acad. Sci. U. S. A., 2005, 102, 11635-11638.

68 T. Morawietz, V. Sharma and J. Behler, J. Chem. Phys., 2012, 136, 064103.

69 T. Bereau, D. Andrienko and O. A. von Lilienfeld, J. Chem. Theory Comput.,
2015, 11, 3225-3233.

70 K. Yao, J. E. Herr, D. Toth, R. Mckintyre and J. Parkhill, Chem. Sci., 2018, 9,
2261-2269.

71 O. T. Unke and M. Meuwly, J. Chem. Theory Comput., 2019, 15, 3678-3693.

72 L. Monticelli, S. K. Kandasamy, X. Periole, R. G. Larson, D. P. Tieleman and
S.-J. Marrink, J. Chem. Theory Comput., 2008, 4, 819-834.

73 S. Kmiecik, D. Gront, M. Kolinski, L. Wieteska, A. E. Dawid and A. Kolinski,
Chem. Rev., 2016, 116, 7898-7936.

74 P. C. T. Souza, S. Thallmair, P. Conflitti, C. Ramirez-Palacios, R. Alessandri,
S. Raniolo, V. Limongelli and S. J. Marrink, Nat. Commun., 2020, 11, 3714.

75 J. Wang, S. Olsson, C. Wehmeyer, A. Pérez, N. E. Charron, G. de Fabritiis,
F. Noé and C. Clementi, ACS Cent. Sci., 2019, 5, 755-767.

76 A. E. Durumeric, N. E. Charron, C. Templeton, F. Musil, K. Bonneau,
A. S. Pasos-Trejo, Y. Chen, A. Kelkar, F. Noé and C. Clementi, Curr. Opin.
Struct. Biol., 2023, 79, 102533.

77 P.G. Sahrmann, T. D. Loose, A. E. P. Durumeric and G. A. Voth, J. Chem. Theory
Comput., 2023, 19, 4402-4413.

78 S. Izvekov, M. Parrinello, C. J. Burnham and G. A. Voth, J. Chem. Phys., 2004,
120, 10896-10913.

79 W. G. Noid, ]J.-W. Chu, G. S. Ayton, V. Krishna, S. Izvekov, G. A. Voth, A. Das and
H. C. Andersen, J. Chem. Phys., 2008, 128, 244114.

80 B. R. Duschatko, J. Vandermause, N. Molinari and B. Kozinsky, npj Comput.
Mater., 2024, 10, 9.

81 L. Zhang, J. Han, H. Wang, R. Car and W. E, J. Chem. Phys., 2018, 149, 034101.

82 H. Chan, M. J. Cherukara, B. Narayanan, T. D. Loeffler, C. Benmore, S. K. Gray
and S. K. R. S. Sankaranarayanan, Nat. Commun., 2019, 10, 379.

83 P.]. Steinhardt, D. R. Nelson and M. Ronchetti, Phys. Rev. B: Condens. Matter
Mater. Phys., 1983, 28, 784-805.

344 | Faraday Discuss., 2025, 256, 322-344  This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00101j

	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j

	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j

	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j

	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j

	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j
	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j

	Prediction rigidities for data-driven chemistryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00101j


