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We developed an open-source software Open Data Analysis Tool for Science and Engineering 

(ODAT-SE), by the PASUMS project in FY2024 as a major upgrade of 2DMAT 

( https://www.pasums.issp.u-tokyo.ac.jp/2dmat/ ). ODAT-SE (2DMAT) was developed for the 

data analysis of advanced experimental measurements and offers five analysis methods: (i) grid 

search, (ii) Nelder-Mead optimization, (iii) Bayesian optimization, (iv) replica exchange Monte 

Carlo method, and (v) population-annealing Monte Carlo method. The parallel computation with 

ODAT-SE was carried out on the ISSP supercomputers and other supercomputers such as Fugaku. 

The present report reviews ODAT-SE and a recent application study to determine the surface 

structure of the 3×3-Si phase on the Al (111) surface by positron diffraction and core-level 

photoemission spectroscopy.   

1. Introduction
One of the fundamental topics in

computational science is data analysis in 

experimental measurements. An open-source 

data-analysis framework 2DMAT [1] and 

related tools have been developed for the data 

analysis in experimental measurements of 

TWO-Dimensional MATerial structures by 

the PASUMS project of ISSP at FY2020 and 

FY2021 and other projects [1-8]. Two-

dimensional materials have been a central 

issue in materials science because of the 

emergence of physical or chemical 

phenomena specific to their dimensionality, 

with promising applications in 

nanotechnology [9]. 2DMAT is a unified 

platform for the analysis of different 

experimental measurement techniques, total-

reflection high-energy positron diffraction 

(TRHEPD) [10], surface X-ray diffraction 

(SXRD) [11], and low-energy electron 
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diffraction (LEED) [12] experiments.  

Under the PASUMS project in FY2024, 

the software underwent a redesign, emerging 

with a new name, ODAT-SE (Open Data 

Analysis Tool for Science and Engineering) 

[13], and can be used as an interdisciplinary 

data-analysis framework beyond solid-state 

physics.  

The present report contains an overview 

of ODAT-SE for the methodological 

background, the new features introduced at 

FY2024, a recent application study, a 

summary, and a future outlook.   

   

2. Methodological background 
The methodological background of the data 

analysis is an inverse problem [5], in which an 

observed quantity 𝑌 is modeled as a function 

of a target quantity 𝑋 (𝑌!"# ≡ 𝑌!"#(𝑋)). Here, 

𝑌 and 𝑋 are assumed to be high-dimensional 

vectors ( 𝑋 ≡ (𝑋$, 𝑋%, … , 𝑋&), 𝑌 ≡

(𝑌$, 𝑌%, … , 𝑌') ). The function 𝑌!"#(𝑋)  is 

called a direct problem solver and should be 

prepared for each measurement technique. A 

typical analysis procedure is an optimization 

procedure of the residual difference function  

𝐹(𝑋; 𝑌) ≡ |𝑌 − 𝑌!"#(𝑋)|%  and the optimal 

solution is written as 𝑋∗ ≡ argmin)	𝐹(𝑋; 𝑌), 

as shown schematically in Fig. 1 (a).   In the 

data analysis in experimental measurements, 

however, the quantities 𝑋  and 𝑌  always 

contain uncertainty, and one should often 

consider the uncertainty quantitatively by 

Bayesian inference, in which the probability 

distribution 𝑃(𝑌|𝑋)  , called likelihood 

function, is modeled, and the posterior 

probability distribution 𝑃(𝑋|𝑌) is obtained as 

a high-dimensional histogram using Monte 

Carlo methods, as shown in Fig. 1 (b).   

 

 
Fig. 1 Schematic diagrams of (a) residual 
difference function 𝐹(𝑋; 𝑌)	in optimization 
procedure and (b) posterior probability 
distribution 𝑃(𝑋|𝑌)	in Bayesian inference 

 

ODAT-SE offers the following five analysis 

methods: (i) Grid search method: The grid-

search method is an algorithm for searching 

for the minimum value of 𝐹(𝑋; 𝑌)  by 

computing 𝐹(𝑋; 𝑌)	for all candidate points in 

the parameter space, 𝑋 prepared in advance. 

In ODAT-SE, the set of candidate points is 

equally divided and automatically assigned to 

each process for trivial parallel computation. 

(ii) The Nelder-Mead optimization method 

[5,14]: The method, also known as the 
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downhill simplex method, is a gradient-free 

optimization method in which the gradient 

∇)𝐹 is not required. The method is reduced to 

an iterative local update, and a proper initial 

guess is needed to avoid local minimum 

trapping. (iii) Bayesian optimization method: 

The method gives a black-box optimization, 

and ODAT-SE uses a Bayesian optimization 

library, PHYSBO [15,16]. See references 

[15,16] for details. (iv) Replica exchange 

Monte Carlo (REMC) method [17] and (v) 

population-annealing Monte Carlo (PAMC) 

method [18]: The two methods, commonly 

parallelized Monte Carlo methods and gives 

the posterior probability distribution 𝑃(𝑋|𝑌), 

as in Fig. 1(b), through Bayes’ Theorem 

𝑃(𝑋|𝑌) = 𝑃(𝑌|𝑋)𝑃(𝑋)/𝑃(𝑌) .  The PAMC 

method is suitable for massively parallel 

computation with 10* MPI processes or more 

[5].  

In ODAT-SE, the four methods, except the 

Nelder-Mead method, are implemented by 

parallel computation, which is efficient not 

only for personal computers but also for 

supercomputers. So far, the numerical 

computations have been carried out not only 

on the supercomputers at ISSP but also on the 

Wisteria-Odyssey supercomputer at the 

Information Technology Center, University of 

Tokyo under the Interdisciplinary 

Computational Science Program in the Center 

for Computational Sciences, University of 

Tsukuba, and the Fugaku supercomputer 

under the HPCI projects (hp210228, 

hp210267, hp220248, hp230304, hp240304).  

 

3.  New features of ODAT-SE 
This section explains the new features of 

ODAT-SE. The code structure of ODAT-SE 

was drawn schematically in Fig. 2. The 

original architecture in 2DMAT was tightly 

coupled with specific experimental techniques, 

limiting its flexibility and reusability across 

other scientific fields. In ODAT-SE, the 

architecture explicitly separates “direct 

problems” (i.e., the physical or statistical 

models representing the system under 

investigation) from the optimization or search 

algorithms. This modular approach enables 

researchers to apply ODAT-SE not only to 2D 

material analysis but also to diverse fields; 

users can easily add their own direct problem 

solvers or search algorithms tailored to their 

research needs.  

To ensure continuity from 2DMAT, the 

direct problem solvers originally developed 

for 2DMAT have been preserved and 

organized in a dedicated 2DMAT GitHub 

 
Fig. 2 Schematic diagram of the code 
structure of ODAT-SE 
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repository [19]. These models can still be used 

within the ODAT-SE framework with minimal 

modification—users simply need to install 

them as add-on components. Furthermore, a 

wide range of sample programs and usage 

examples has been located at the ODAT-SE 

Gallery [20], maintained by the ISSP Data 

Repository. This gallery provides ready-to-use 

scripts and templates, making it easier for 

users to adopt ODAT-SE for their specific 

scientific problems. 

One of the significant changes in the 

transition from 2DMAT to ODAT-SE was the 

license shift from GPL v.3 to MPL v.2.0 [21]. 

While the GPL ensured strong copyleft—

requiring any derived work to be released 

under the same license—it also posed barriers 

to integration with other software or for 

commercial use. In contrast, the MPL adopts a 

“file-level copyleft” model, allowing 

proprietary use and redistribution as long as 

modifications to MPL-licensed files are 

disclosed. This change has made ODAT-SE 

more attractive and accessible to both 

academic and industrial users, facilitating 

broader adoption and smoother integration 

into diverse software ecosystems. 

 

4. A recent application study for the 
determination of the surface 

structure of the 3×3-Si phase on the 

Al (111) surface  
This section is devoted to a review of a 

recent application study for the determination 

of the surface structure of the 3 × 3-Si phase 

on the Al (111) surface by the multiple usages 

of TRHEPD and core-level photoemission 

spectroscopy [22]. TRHEPD [10] is a novel 

experimental probe for two-dimensional 

materials and has been actively developed in 

the last decade at large-scale experimental 

facilities at the Slow Positron Facility (SPF), 

Institute of Materials Structure Science 

(IMSS), High-Energy Accelerator Research 

Organization (KEK) [23]. Fig. 3 shows a 

schematic diagram of the TRHEPD method. 

In this method, the observed data 𝑌  comes 

from the diffraction pattern seen on the screen, 

and the target quantity 𝑋  is the position of 

surface and subsurface atoms at a depth of less 

than one nanometer.  

 

 
Fig. 3 Schematic diagram of the TRHEPD 
experiment [23] 

 
ODAT-SE (2DMAT) was used for the data 

analysis of the TRHEPD experiment under the 

one-beam condition, in which the specular 

(00) spot intensities were dominated by the 

surface-normal component, 𝑧-component, of 

atomic positions. Fig. 4 shows the flat silicene 

structure model, a candidate of the structure. 
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In the model, the 3 × 3  surface unit cell 

contains eight Si atoms of the surface layer, 

labeled by ‘1’, ‘2’, …, ‘8’ in Fig. 4, and nine 

Al atoms of the first sub-surface layer. The 

residual difference 𝐹(𝑋; 𝑌)  is given by the 

difference between the observed and 

calculated diffraction data. The PAMC 

analysis was carried out with the seventeen 

independent parameters of the 𝑧  coordinates 

of all the eight atoms (𝑧$ ,	𝑧% ,..,	𝑧+ ) of the 

surface Si layer and all the nine atoms of the 

first Al layer. As a result, the optimal structure 

was obtained as the flat structure for both the 

surface Si layer and the first subsurface Al 

layer, as shown in Fig. 4. See the original 

paper [12] for details.  

 

 
Fig. 4 Top and side views of the schematic 
diagram of the flat silicene structure model 
for the 3 × 3 -Si phase on the Al (111) 
surface. A 3 × 3 unit cell is depicted. [22] 

 

The analysis indicates the importance of a 

global search, such as PAMC, because the 

residual difference function 𝐹(𝑋; 𝑌) has many 

local minima. The existence of local minima 

is demonstrated in Fig. 5, in which the grid 

search is carried out only with the surface Si 

atoms under the constraint of 𝑧$ = 𝑧% = 𝑧, =

𝑧* = 𝑧- = 𝑧. = 𝑧+ and the residual difference 

function 𝐹 is drawn as a contour plot as the 

function of the common value of 

𝑧$, 𝑧%, 𝑧,, 𝑧*, 𝑧-, 𝑧., 𝑧+ and the value  𝑧/. One 

can find that the global minimum is located at 

𝑧$ = 𝑧% = 𝑧, = 𝑧* = 𝑧- = 𝑧. = 𝑧/ = 𝑧+ =

2.4 Å, which corresponds to the flat surface 

structure of Fig. 4. One can also find that a 

local minim is located at 𝑧$ = 𝑧% = 𝑧, =

𝑧* = 𝑧- = 𝑧. = 𝑧+ = 2.4  Å and 𝑧/ = 3.6  Å, 

which corresponds to a bucked surface 

structure. If one uses an iterative local-update 

algorithm, like the Nelder-Mead algorithm, 

the optimization algorithm may fail to find the 

global minimum because of the trapping on 

local minima.  

 
Fig. 5 Contour plot of the residual 
difference function in TRHEPD for the 
3 × 3-Si phase on the Al (111) surface [22] 
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 Here, we discuss the crucial role of the 

multiple usage of TRHEPD and core-level 

photoemission spectroscopy. In the surface 

analysis by TRHEPD, it should be noted that 

Al and Si are located next to each other in the 

periodic table and, thus, have similar 

scattering potentials for a positron beam. The 

observed TRHEPD data at the Si surface layer 

appeared nearly identical without or with Al 

substitution. This indicated that the surface 

structure model created uncertainty regarding 

embedded Al atoms. Si core-level 

photoemission spectroscopy was also carried 

out to overcome the above uncertainty 

because the Si atoms could be bonded with 

neighboring Si and/or Al atoms. This creates 

different chemical environments for these Si 

sites that should result in corresponding 

chemical shifts in Si core-level photoemission 

spectra.  

The analysis with TRHEPD and core-

level photoemission spectroscopy is 

concluded in the Al-embedded silicene model 

structure in Fig.6, in which the eight sites in 

the 3 × 3 unit cell of the surface layer were 

occupied by one Al atom and seven Si atoms. 

 

5. Summary and Future Outlook  
An open-source data-analysis framework, 

Open-Data Analysis Tool for Science and 

Engineering (ODAT-SE), was developed as a 

major upgrade of 2DMAT. The framework 

offers various algorithms, mainly for the 

optimization and Bayesian inference as a 

global search. ODAT-SE has been redesigned 

to provide better flexibility and reusability 

across other scientific fields. A recent 

application study is reviewed for the 

determination of surface structure by 

TRHEPD and core-level photoemission 

spectroscopy. The analysis indicates the 

importance of global search and the multiple 

usage of TRHEPD and core-level 

photoemission spectroscopy.  

A future outlook is the interdisciplinary 

use of ODAT-SE beyond solid-state physics. 

Very recently, the present authors launched a 

new project, the Moonshot R&D Program 

[24], in the field of fusion science, and ODAT-

SE will be used in the project.  

 

 

 
Fig. 6 Top and side views of the schematic 
diagram of the Al-embedded silicene model 
structure determined by the multiple usage 
of TRHEPD and core-level photoemission 
spectroscopy experiments. [22] 
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