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1 Materials Descriptors for Machine Learning

Over the past decade, a lot of work has been done to represent materials for more accurate ML [27]. These
representations were mainly developed on a solid background in sciences such as condensed matter physics
and materials science. These representations of materials are necessary to extract essential information in a
computationally efficient manner and to satisfy physical or mathematical requirements such as differentiability
and invariance to rotation, translation and permutation [27]. Most representations for crystalline materials utilize
structural information with atomic properties such as atom-centered symmetry functions [5] and smooth overlap of
atomic positions [4]. Structural fragments with a few atoms are used to represent the local structure of materials
[14]. As atoms and their neighborhoods can be described by the graph, GNNs are also adopted to treat the local
information in materials and representative examples are CGCNN and MegNet [8 B5]. Moreover, atomic features
are taken from the elemental properties of each atom and its surrounding environment. These features can be
selected according to the target materials properties [6]. However, to the best of our knowledge, representation
methods that universally encode crystal structures by explicitly treating given target materials properties have not
been reported publicly.

2 Representation Learning in Machine Learning

Representation learning is categorized into unsupervised and supervised methods. In unsupervised representation
learning, a new data representation is automatically discovered without label or target data by minimizing density
divergence or reconstruction loss [3; [I8; 26]. Autoencoder [3] is the most popular algorithm in unsupervised
learning owing to its remarkable representation capability. To improve the generalization capability of autoencoders,
variational autoencoder [I8] was also proposed based on Bayesian inference. However, unsupervised representation
learning algorithms have an inherent limitation in that the target values cannot be utilized in representation learning.

By contrast, supervised representation learning generates a new data representation based on the label or target
data. Deep metric learning (DML) has been widely studied for supervised representation learning in computer
science [12;[34]. The goal of DML is to train an embedding network f : X — R™ that generates a new m-dimensional
data representation from the input data in X. However, DML has been mainly studied for image classification
tasks of discrete target values [28} 295 [33; [34]. Although a new metric learning loss of DML for continuous target
values was recently proposed [17], it is difficult to apply scientific applications owing to its numerical instability. To
overcome this numerical instability, smooth log-ratio loss (SLRL) [20] was proposed and showed some improvement
in predicting molecular properties. However, no DML methods, including SLRL-based DML, have been applied to
materials science to predict materials properties from the crystal structures.

3 Graph-Based Machine Learning for Materials Science

A crystal structure is natively represented as a mathematical graph G = (V, €, X, S), where V is a set of atoms
in the unit cell; £ is a set of chemical bonds between the atoms; X is a matrix of the atomic features; and S is a
matrix of the bond features. In the graph-based machine learning, this graph-shaped crystal structure is entered
as it is without being converted to a vector-shaped data. Graph neural networks (GNNs) are used to process the
graph-structured data.

GNNs for predicting graph-level properties are composed of aggregation layers, readout, and dense (fully-
connected) layers. The purpose of the aggregation layer is to generate latent features of the nodes in the given
graph-structured data. The latent node features H are calculated in the i*" aggregation layer as:
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where o is a nonlinear activation function (e.g., sigmoid and tanh); A € RIVI*IVI is an adjacency matrix of the input
graph G; and H~1 is a matrix of the latent node features generated in the previous layer. After generating the
latent node features, the readout is applied to generate a graph-level embedding z from the latent node features
generated in the layer aggregation layer. The readout is commonly defined by mean or maxz operations. For example,
a popular CGCNN [35] generates z using a mean-based readout as:
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where H; is the i*" row vector of H, and L is the number of aggregation layers in GNN. Finally, the target graph-level
property is predicted by feeding the calculated graph-level embedding z to the dense layers.



Table 1: Selected elemental features and their brief descriptions.

Name Category Unit
Atomic volume Size cm? /mol
Atomic weight Size -
Covalent radius by Bragg Size pm
Fusion heat Heat kJ/mol
Atomic number Electronic -
Electron affinity Electronic eV

First ionization energy Electronic eV
Pauling’s scale of electronegativity Electronic -

Period in periodic table Electronic -

Table 2: Hyperparameter settings of TGNN for each dataset.

Dataset Margin (=«) Initial learning rate Ly coefficient Batch size aljsrlf}zl;i?&o?ﬁ)
MPB 2e-1 Se-4 5e-6 48 5
MPS-FE 2e-1 Se-4 5e-6 48 5
MPS-BG 8e-2 Se-4 Se-4 48 4
MPL-FE 2e-1 Se-4 Se-4 16 5
MPL-BG 8e-2 Se-4 Se-4 16 5
HOIP 2e-1 Se-4 5e-6 32 5
NLHM 2e-1 Se-4 5e-6 32 5

4 Implementation Details

We used PyTorch framework [22] and PyTorch-Geometric library [2] to implement GNNs and EMRL. For the
implementation of CGCNN and MEGNet, we used the author’s source code of CGCNN [36] and MEGNet [9].
Implementation details and hyperparameter settings of the GNNs and the EMRL-based ML algorithms are
summarized in Table [ and B

To convert the crystal structures into the mathematical graphs, we used a well-known pymatgen library [1].
Table [I| shows the elemental features used to convert the crystal structures. However, we followed the elemental
features of [35] and [§] in implementing CGCNN and MEGNet, respectively. The bond features were generated by
applying the radial basis function (RBF) to the bond length.

We used an architecture of three aggregation and two dense layers for all GNNs used for the evaluations. The
architecture of TGNN was also fixed for all datasets. The atom-embedding network f, and the tuple-embedding
network f; were implemented as one-layer neural networks with 128 neurons. The bond-embedding network f,
was also implemented as a one-layer neural network with 64 neurons. We stacked two dense layers of 128 neurons,
after the tuple embedding network and the readout. Table 2] shows the hyperparameter settings of TGNN for each
dataset. The hyperparameters expect for the margin, which are common for all GNNs, were applied to the GNNs in
the same values as Table [2| The source code of EMRL is publicly available at Open After the Review Process.

5 Prediction Performances on Benchmark Materials Datasets

To evaluate the effectiveness of EMRL, we conducted experiments to predict materials properties. For our experimen-
tal evaluations, we used seven materials datasets containing about 50,000 materials. The main characteristics and
sources of each dataset are listed in Table[3] In the experiments, we measured the prediction errors of state-of-the-art
GNNs and EMRL-based ML algorithms using mean solute error (MAE) and standard deviation. For all evaluations,
the mean and the standard deviation of the prediction performances were measured by repeating the evaluations 10
times on randomly partitioned training and test datasets for each repetition. In the experiments, we generated
three EMRL-based ML algorithms by exploiting linear regression, fully-connected neural network (FNN) [24], and
XGBoost (GB) [10] as a prediction model g. Brief descriptions of the three EMRL-based ML algorithms are as
follows.

e EMRL-LR: Linear regression is used as a prediction model in EMRL-LR. It directly shows the effectiveness
of the materials representation generated via EMRL in predicting materials properties because linear regression
is the simplest prediction algorithm in ML.

e EMRL-NN: FNN [23] is used as a prediction model in EMRL-NN. It can be used to compare the effectiveness
of the graph representations generated via GNNs and EMRL because GNNs employ FNN as their prediction
model.

e EMRL-GB: GB is the most popular regression algorithm in scientific communities and computer science
fields |10} 1T} 25 B7]. EMRL-GB uses GB as a prediction model, and it can be regarded as the most advanced
EMRL-based ML algorithm in the experiments.

We compared the prediction performances of the EMRL-based ML algorithms with five state-of-the-art GNNs:
(1) graph convolutional network (GCN) [19]; (2) graph attention network (GAT) [31]; (3) tuplewise graph neural
network (TGNN) [2I]; (4) crystal graph convolutional neural network (CGCNN) [35]; and (5) materials graph
network (MEGNet) [§]. Table [4] summarizes the evaluation results based on MAE. For a fair comparison, we
also compared TGNN and EMRL-based methods as TGNN is adopted as the embedding network for our EMRL
implementation. Furthermore, we compared the performance improvement of EMRL and CGCNN because CGCNN
is the most popular GNN in ML applications for materials science. As shown in Table [, EMRL-GB significantly
outperformed the state-of-the-art GNNs in predicting materials properties, and the prediction errors were reduced



Table 3: Characteristics and source of the benchmark materials datasets used for experimental evaluations. In all
datasets, the unit of band gap and formation energy are eV and eV /atom, respectively.

Dataset Type of materials Target property  # of materials Range of targets
MPB [15] Binary inorganic materials Band gap 6,838 [0, 1.593]
MPS-FE [15} [35] Inorganic materials Formation energy 3,162 [-4.319, 2.757]

MPS-BG [15} B5] Inorganic materials Band gap 3,162 [0, 8.716]

MPL-FE [15} B5] Inorganic materials Formation energy 45,941 [-4.576, 3.195]

MPL-BG [I5} 35] Inorganic materials Band gap 45,941 [0, 16.586]
HOIP [16] Hybrid perovskites Band gap 1,345 [1.025, 5.343]
NLHM [7] Light harvesting materials Band gap 2,233 [0, 9.059]

Table 4: Prediction errors of four GNNs and three EMRL-based ML algorithms on the benchmark datasets. The
errors were measured by mean of MAEs under 10 times repetitions of the evaluations on randomly divided 80%
training and 20% test datasets. The standard deviation of the measured errors was presented in the parenthesis.
Error reduction (Rdc.) is defined as the relative error reduction of EMRL-GB for CGCNN, as shown in Eq. (3). We
compared TGNN and EMRL-based methods in the main text. Two abbreviations FE and BG indicate formation
energy and band gap, respectively. The smallest prediction error for each dataset was highlighted in bold.

Dataset Graph neural networks EMRL-based ML algorithms Rie.
GCN GAT TGNN CGCNN MEGNet | EMRL-LR EMRL-NN EMRL-GB
MPB | 0o oon 0o oo VA | oo oo oty | 25
MPS-FE (8:(1)(8;(1)) (8:(1)12) (8:(1)(1]3) (8:(1)3?) (8:825) (8:882) (8:832) (g:ggg) 38.2%
MPSBG | i) oo1n) 0021) ooty VA | ooz o09)  oan) | 4%
MPLTE | o) oo ooon oo A | o oo ooon | P
MPLBG | o ion oooq) o019 ooy VA | ©ow oo (000 | 6%
HOP | 0007 (ot (0o (0033 (00r) | o)  (ooo) (o008 | 443%
NLEM | (s 0021) (0056)  (0.021) ©018) ooty @0 o) | 2%

by 11.4%~55.2% by EMRL-GB over CGCNN. Furthermore, we can notice that EMRL-based methods outperform
TGNN, which directly shows the effectiveness of EMRL in predicting materials property prediction.

Although MEGNet outperformed the other GNNs and showed the smallest error on the NLHM dataset, it was
not applicable to most materials project datasets. Among the evaluation results, the significant improvement by
EMRL on the HOIP dataset is impressive because perovskites have severe non-smooth relations with their band
gaps owing to significantly different band gaps for their similar crystal structures [32]. This evaluation result concurs
with our motivation that the non-smooth relations between the crystal structures and the target properties make
ML-based regression difficult, and these non-smooth relations can be effectively transformed to the smooth relations
via supervised representation learning. In addition to EMRL-BG, EMRL-LR and EMRL-NN also exhibited smaller
prediction errors compared to the GNNs overall. As summarized in Table S3 of SI, these improvements by EMRL
in predicting materials properties were consistent with the evaluation results using the R? score [13]. In particular,
it is important that the simplest linear regression obtained comparable prediction accuracy with CGCNN just
by exploiting the materials representations generated by EMRL. This result directly shows that the materials
representations generated via EMRL clearly described the target materials properties.

In addition to MAE, we also measured the prediction performance of the machine learning algorithms using
R? score [13] that is the most widely used criterion to evaluate the regression accuracy. For all datasets and ML
algorithms, the R? scores were measured by repeating the evaluations 10 times on randomly separated training and
test datasets for each repetition. The mean and the standard deviation of the measured R? scores were reported.
Table [5| shows the measured R? scores in predicting materials properties on the benchmark materials datasets.

Although MEGNet showed the best prediction accuracy on the NLHM dataset, it was not applicable in many
datasets as we mentioned in the paper. For all other datasets, EMRL-GB achieved the best prediction accuracy.
The improvements of EMRL-GB over CGCNN in the R? score were 0.6-12.9%. As shown in the results, the accuracy
improvements by EMRL-GB on the MPS-FE, MPL-FE, and HOIP datasets were marginal because most algorithms
already achieved the R? scores of 0.9. The accuracy improvements of EMRL-GB were higher than 11% for the
datasets, where the prediction accuracy was relatively low. Furthermore, the EMRL-LR and EMRL-NN also showed
better R? scores than the state-of-the-art GNNs overall.

6 Embedding Distributions

We also interpreted the distributions of the materials in the imaginary materials spaces of EMRL based on chemical
domain knowledge. Fig. [1| shows the distributions of the materials in the embedding spaces of EMRL and CGCNN.
In the HOIP dataset, as shown in Fig. and ¢, EMRL generated more continuous materials representations than
CGCNN and established that halogen elements (F, Cl, Br, and I) are more crucial for modulating the band gap
than metal elements (Ge, Sn, and Pb). This embedding result is in accordance with previous reports on HOIPs [16].



Table 5: R? scores of four GNNs and three EMRL-based ML algorithms on the benchmark datasets. The standard
deviation of the measured R? scores was presented in the parenthesis. Accuracy improvement (Imp.) is defined as
the relative improvement of EMRL-GB for CGCNN. The abbreviations FE and BG indicate formation energy and
band gap, respectively. The highest R? score for each dataset was highlighted by the bold font.

Dataset Graph neural networks EMRL-based ML algorithms I
atase mp.
GCN  GAT TGNN CGONN MEGNet | EMRL-LR EMRL-NN EMRL-GB
0754 0.747 0751 0.763 0.776 0.827 0.871
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Figure 1: Two-dimensional t-SNE [30] visualization of the distributions of the materials in the embedding spaces of
EMRL and CGCNN. The X and Y axes in the embedding distributions are two latent features that were calculated
automatically through EMRL or CGCNN. Each point indicates the crystal structure of the material. a and b:
Distributions of the materials in the HOIP and MPS-BG datasets. Each material was colored according to its
band gap, where higher and lower band gaps were marked magenta and cyan, respectively. c¢: Distribution of the
materials in the HOIP dataset categorized according to their compositions. d: Distribution of the materials in the
MPS-BG dataset colored according to contents of metal atoms, which were calculated by the ratio of the number of
metal atoms to that of all atoms in the unit cell.

In the MPS-BG dataset, both EMRL and CGCNN can distinguish the materials with higher band gaps, which
are marked by magenta. However, the materials were roughly separated into two subgroups depending on their
band gaps by the materials representation of EMRL as shown in Fig. [Tb, but these subgroups cannot be easily
recognized in CGCNN. This shows that EMRL can handle uncorrelated feature vectors and target values better
than CGCNN. To understand the nature of two subgroups from EMRL representations, we interpreted them based
on the metal contents in the materials, as the amount of band gap is relevant to the metal non-metal elements
and metals are generally known as good conducting materials with no band gap. By displaying the content of
metal atoms in the unit cell, we were able to observe that EMRL separated the MPS-BG dataset into two groups
of the materials with high and low metal contents. More importantly, the self-organization by EMRL can be
helpful in connecting relevant materials properties, which can be explained in the similar fundamental knowledge.
In the embedding results on the MPS-BG dataset, we observed that EMRL learned the importance of chemical
compositions rather than a direct mapping between the crystal structures and the band gaps. In this viewpoint, we
drew the materials distribution in the embedding space of EMRL for their formation energies. As shown in Fig. 1
of SI, the materials were well-separated according to their formation energies even though EMRL was trained to
predict band gap. In this sense, we extended the applicability of EMRL into transfer learning and experimentally
evaluated the effectiveness of EMRL in the paper.
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