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Abstract
A mixture-of-experts ensemble of hierarchical deep metric learning models is
introduced in order to identify materials from X-ray diffraction spectra. In previous
studies, the identification accuracy of the 1D convolutional neural networks model
deteriorates significantly as the number of classes increases. To overcome this
problem, a hierarchical deep metric learning model was developed that can identify
approximately 10,000 classes with an average top-1 accuracy of 87%. Furthermore,
this new model was employed to create expert models for 73 general chemical
elements, which in turn were used to construct a mixture-of-experts ensemble. This
ensemble model successfully identified materials from 136,899 classes with a top-1
accuracy of 98%.
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Introduction

Spectroscopic identification plays a vital role in various scientific disciplines, such as forensic science
[1], materials science [2], astrophysics [3], and earth science [4]. For example, a tiny piece left at a
crime scene can break an alibi in a murder case, leading to the identification of the culprit. A material
synthesized by a new method can only be proven to be genuinely unique by identifying its crystal
structure via spectral analysis. Nonetheless, in many cases, a myriad of spectra from planetary probes,
deep-sea explorers, or synchrotron radiation facilities have left or just been used for visualisation
without fully exploiting the data, which could possibly lead to more scientific discovery [4].
The reason is that this spectroscopic identification is still not possible without human intervention.
The accuracy is determined mainly by the following two factors: the search algorithm of the spectral
database, and how noiseless the spectra are. XRD (X-Ray Diffraction) [5] is a standard spectral
analysis method employed to identify inorganic materials by matching their spectra with the database.
Each material has a unique spectral pattern, the so-called "fingerprint spectra" [6], which enables
human experts to identify the material. However, complex noise patterns, such as pattern shifts or
peak losses [7], are often contained in samples with insufficient quantities or fast-scanned cases,
deteriorating the identification accuracy by a significant amount.
In recent years, 1D-CNN (One Dimensional Convolutional Neural Networks) has been developing
spectroscopic identification models, which have attracted significant attention [7–10]. 1D-CNN is
capable of robust inference under such noisy spectra quickly, usually in the order of milliseconds.
Still, the number of identifiable materials by the previous models has been limited to around 100
[7, 8]. In actual usage, identifying all 136,899 materials registered in the ICSD (Inorganic Crystal
Structure Database) [11] is essential.
For cases with a vast number of classes, deep metric learning models have been applied, as is well
known for the case of face recognition tasks [12–14]. Among the models, AdaCos [14] is considered
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one of the state-of-the-art models in this field. In this way, a combination of 1D-CNN and AdaCos
was expected to address the problem of large-scale databases.
Nevertheless, the study presented here was able to determine that the combination of vanilla 1D-CNN
and AdaCos alone could not identify more than a three-digit number of classes. Instead, the following
additional techniques were crucial in order to make identifiable classes 100 times larger: 1D-RegNet
[15, 16] and hierarchical deep metric learning. In this case, using AdaCos as well as static angular
penalty softmax loss [12] within the two-stage hierarchical structure, made it possible to identify
around 10,000 classes with a mean top-1 accuracy of 87%. Yet, even for this hierarchical model,
identifying a six-digit number of classes was still challenging. Therefore, by constructing an ensemble
of the above models trained to identify specific compounds as an MoE (Mixture-of-Experts) [17], it
has been enabled to identify 136,899 materials with 98% top-1 accuracy.
The main contributions in this report are as follows:
• A hierarchical deep metric learning model for up to a five-digit number of classes.
• An MoE ensemble for over six-digit number of classes.
The code is available on GitHub: https://github.com/ma921/XRDidentifier
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Dataset

CIFs (Crystallography Information File) [18] of all 136,899 materials in the ICSD were used for
the dataset, which was converted to XRD by pymatgen [19]. DWFs (Debye-Waller Factor) [20]
of each element were randomly selected. In this way, a total of five spectra with different DWFs
were generated per CIF. The spectra were generated in the conditions where the two theta ranged
from 0 to 120 degrees with 0.02-degree increments, resulting in 6,000 length × 1 channel tensors.
Only the chemical composition is identified, not the full atomic structure. Different polymorphs of a
compound would be identified as a single class.
Different datasets were prepared for training the expert models and the MoE model. The 73 expert
models were created to be tailored to 73 general chemical elements, excluding radioactive elements
and noble gases. Hydrogen and oxygen, which have more than 20,000 compounds, are excluded
from the expert models because they become inaccurate due to the extensive number of identification
classes. (Nevertheless, this is negligible impact on identification accuracy because these hydrides
and oxides include the other elements in almost all cases, except for H2O or their simple gas H2,
O2.) The lithium compounds database was used for investigating expert models. The number of
lithium compounds is 6,800 and the number of XRD spectra is 34,000 (6,800 × 5). The dataset was
split in the ratio of train/validation/test = 70/15/15, holding all class information in every dataset but
divided by the DWF variations. The train dataset alone was subjected to random physics-informed
data augmentation [7]; thus, the model was trained using spectra with different transformations for
each epoch. The models were compared by the metric of top-1 accuracy [21] of the test dataset. The
training of the MoE model was performed on 684,495 XRD spectra from all 136,899 ICSD materials,
with 5 randomized DWFs. The dataset was split in the ratio of train/validation/test = 70/15/15, with
no physics-informed data augmentation on all datasets. The combination of samples in batches was
shuffled each time for the train dataset but not for the validation and test datasets.
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Expert Models using Hierarchical Deep Metric Learning

The proposed expert models comprise of 1D-RegNet [16] as encoder, AdaCos [14] as the last
layer, and Angular Penalty Softmax Loss (CosFace) [12] as a loss function, as shown in Figure
1(a). In addition, Adam [22] was adopted as an optimizer, iterating for 100 epochs and applying
early-stopping when it reached a plateau. Training was done with 2 GPUs of NVIDIA A100 for
NVLink 40GiB HBM2, taking approximately seven days to converge. Figure 1(b) shows the top-1
accuracies of the 73 expert models. The identification accuracy is strongly influenced by the number
of compounds, approaching zero when it exceeds 20,000. By observing the accuracy of each model in
Figure 1(c), it is clear that elements having more than 10,000 compounds are extremely challenging
to identify, particularly for mundane elements, such as carbon, iron, and nitrogen. In contrast, the
accuracy of the chlorine model is only 0.687, even though the number of compounds is merely 8,767.
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Figure 1: (a) Schematic illustration of hierarchical deep metric learning model, (b) the top-1 accuracies
over the number of compounds for 73 expert models, (c) the top-1 accuracies for each element expert.
Table 1: Ablation Study
#

Method

Top-1 accuracy

1
2
3
4
5

Ours
Ours replaced with vanilla 1D-CNN from 1D-RegNet
Ours replaced with single AdaCos from hierarchical metric learning
Ours replaced with single CosFace from hierarchical metric learning
Ours replaced with Cross Entropy Loss from hierarchical metric learning

0.834
0.075
0.398
0.329
0.682

6

1D-CNN

0.021

The reason for this could be that the spectra of chlorine compounds have similar shapes, making
classification difficult. Thus, it is suggested that the number of compounds and the similarity of
the spectra significantly influence the identification accuracy: the average accuracy of the 73 expert
models is 0.872.
The ablation study shown in Table 1 compares the network architectures of the expert model on the
lithium compounds dataset. The accuracy of the models was evaluated by the top-1 accuracy of the
test dataset. The accuracy of a previously reported method with vanilla 1D-CNN (#6) [7] that was
employed with limited datasets has been significantly reduced to 0.0206 in this study, indicating
that the method is not applicable for large-scale datasets (164 classes in the previous study [7] and
6,800 classes in this study). When 1D-RegNet instead is applied as an encoder architecture (#5),
the accuracy is improved to 0.6822, which shows that the CNN network architecture is influential.
Interestingly, for the variants of the conventional single deep metric learning (AdaCos #3 and CosFace
#4), the accuracies are lower than when neither is employed. This is likely due to the fact that some of
the 6,800 compounds show indistinguishably similar spectra, while others show distinct patterns. The
different levels of distinguishability are mixed in the same dataset, making it challenging to identify
them with a single metric to differentiate. Therefore, by applying two layers of deep metric learning
(i.e. both AdaCos and CosFace #1), the model becomes capable of both discriminating between
the dissimilar spectra in the first layer, and then also distinguishing the differences between similar
spectra in the second layer. Despite this, employing this two-stage hierarchical deep metric learning
without 1D-RegNet results in a very low accuracy (#2). In this way, it can be clearly observed that
the best model is the variant with both 1D-RegNet and a two-stage hierarchical deep metric learning,
which can achieve a top-1 accuracy of 0.8343 (#1).
3

Figure 2: (a) Schematic illustration of the MoE ensembles, (b) the learning curve.
Table 2: Benchmark results

4

#

Method

Top-1 accuracy

1
2
3
4

MoE
1D-RegNet + hierarchical deep metric learning
Inference from the expert models with highest accuracy and confidence
Correlation search and cosine similarity

0.980
0.002
0.892
0.686

Full Material Identification Model with the MoE Ensemble

In the MoE model, 73 expert models were combined in the sparsely-gated network [17]. The training
took about seven days to converge. Therefore, the whole model requires two weeks to re-train in
accordance with database updates. Nonetheless, the update frequency of ICSD is in the order of a
year or more, meaning that not a big problem for operation in service. The top-1 accuracy of the
MoE ensemble model reached 98% at the 50th epoch. Moreover, inference was made quickly, within
1.586 ms per spectrum. Thus, this full material identification model achieved high speed and high
accuracy simultaneously.
Table 2 illustrates that the benchmark results with the existing method evaluated with all 136,899
classes. As is clearly shown in #2, the above hierarchical deep metric learning model itself failed to
identify a six-digit number of classes. By contrast, the #3 model marked the top-1 accuracy of 0.892.
In this model, the class was identified by the following equation:


class_index = argmax

θacc × v
std (v)


(1)

where v is the output from the model before activation, θacc is the top-1 accuracy in each of expert
datasets. This calculation leads to the natural selection of the inference from the single model
with the highest accuracy and confidence. However, this model cannot adaptively combine the
multiple inference results from the expert models, thus the accuracy is lower than an MoE ensemble.
Furthermore, the model with a classical method [23] in #4 was also examined, which was much
less accurate than an MoE. This result is considered to be derived from the classical model [23] that
cannot deal with noisy data, especially pattern shift. To make matters worse, it took over 30 minutes
per spectrum to infer, showing the explicit advantage of adopting an MoE and deep learning model.
In this paper, the present method considers only pure samples with possibly imperfect spectra.
Samples in the wild will always be mixtures of many different compounds, so that the extension of
this method to the multi-class multi-label task should be discussed in the future.
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Broader Impact

In previous studies, noisy XRD spectral analysis could not be performed without human intervention
because the identification was only possible for around 100 compounds. However, the present method
achieves 98% top-1 accuracy and fast identification in the ICSD database of 136,899 materials. The
method is expected to be applied to a wide range of fields such as forensic science, materials science,
planetary exploration, and deep-sea exploration, which have not been sufficiently explored due to
the lack of fast and accurate spectroscopic identification methods. Furthermore, this method can be
applied not only to XRD but also to various other spectroscopic analyses such as FT-IR, Raman, XPS,
NMR, mass spectrometry, and other spectroscopic techniques, which should attract the interest of
many scientists.
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