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Abstract
MOdeling DAta (MODA) is a template for the standardized description of materials models. It is meant to guide users toward 
a complete high-level documentation of modeling workflows, starting from the end-user case down to the computational 
details. While a MODA workflow outlines the sequence of models and data interactions, it is not executable by itself and 
requires implementation. Traditionally, this involves custom coding to link together solvers and data sources or using an 
integration framework like the Multi-Physics Integration Framework (MuPIF). Both options demand software development 
expertise. To simplify this process, the MUSICODE H2020 project introduced in its Open Innovation Platform a low-code 
approach that enables easier transformation of MODA workflows into executable multi-scale workflows. This bridges the 
space between MODA workflow definition and its executable encoding, merging them into a single entity while ensuring 
FAIR compliance. In this paper, we illustrate the implementation of this approach based on the Business Process Model 
and Notation (BPMN) standard, demonstrating how MODA workflows can be converted into executable workflows through 
examples and a real-world use case.
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Abbreviations
AiiDA	� Automated Interactive Infrastructure and 

DAtabase for Computational Science
API	� Application programming interface
BPMN	� Business process model and notation
CFD	� Computational fluid dynamics
DFT	� Density functional theory
DMS	� Data management system
EMMC	� European Materials Modeling Council
FAIR	� Findable, accessible, interoperable and 

reusable
HOMO/LUMO	� Highest-occupied/lowest-unoccupied 

molecular orbital energy
HPC	� High-performance computing
LDT	� Logical data transfer
MD	� Molecular dynamics
MODA	� MOdeling DAta
MR	� Materials relations
MuPIF	� Multi-physics integration framework

OIPMM	� Open innovation platform for material 
modeling

OLAE	� Organic and large area electronics
PE	� Physics/chemistry equation
PE+MR	� Physics/chemistry equation + materials 

relations

Introduction

Materials modeling and simulation are widely used in 
diverse fields such as energy, environment, transportation, 
healthcare, ICT, and manufacturing, supporting research 
and development on new or improved applications. It pro-
vides crucial insights for discovering new materials, tailor-
ing them, and designing materials for various structures and 
systems [1], while its penetration in the innovation process 
is only expected to increase given the nearly exponential 
growth of available computational resources. However, due 
to the vast diversity and complexity of materials, as well as 
the wide range of targeted applications, the field of materi-
als modeling is composed of several distinct communities, 
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each having developed its own terminology, often centered 
around specific application areas and particular types of 
models [2]. At the same time, it is clear that a strong inter-
action between these communities and industry is neces-
sary to successfully apply materials modeling to industrial 
problems [1].

MOdeling DAta (MODA) [2] was developed to facilitate 
this interaction by establishing a common terminology in 
materials modeling. It defined basic entities and developed 
a shared conceptual framework for materials modeling, 
which has been adopted by the European Materials Mod-
eling Council 1 (EMMC) community and brought together 
research groups that previously lacked a common terminol-
ogy and viewpoint [3]. The adoption of MODA has been 
required in several Horizon 2020 calls and remains a spe-
cific requirement in the Horizon Europe work program. As a 
result, a significant collection of MODA workflow descrip-
tions has been gathered from various Horizon projects.

MODA offers a template for the standardized descrip-
tion of material models and workflows. It is designed to 
guide users through comprehensive high-level documenta-
tion covering the end-user case down to the computational 
details. While it effectively addressed the need for a com-
mon language in materials modeling, its level of formaliza-
tion remains intermediate, and several limitations have been 
identified: The descriptors for use cases, models, solvers, and 
processors in MODA are limited to plain-text entries [4]; the 
semantics of the characteristic blue-arrow edges that connect 
the sections (i.e., nodes) of a MODA workflow graph are 

undefined [4]; the notation for the workflow graph in MODA 
is not sufficiently univocal [4]; and the documentation gener-
ated with MODA is not machine-actionable [3], thus not pro-
viding executable representations of simulation workflows. 
To address these shortcomings, several initiatives have been 
developed, including OSMO [4] and ModGra [5]. Figure 1 
shows the timeline of these developments and highlights 
their main purpose.

OSMO provides a complete ontologization of MODA, 
making MODA-based annotations machine-processable, and 
through the logical data transfer (LDT) notation, it clarifies 
the relationships between use case, model, solver, and pro-
cessor entities within a MODA workflow [4]. ModGra, on 
the other hand, is an alternative to MODA, offering a more 
flexible and meaningful way of representing the relation-
ships between physical quantities at different levels and how 
one simulation step can feed into another [3]. With ModGra, 
modeling and simulation workflows are documented using 
process topologies that are potentially machine-action-
able  [3]. However, while OSMO and ModGra address 
some limitations of MODA, the process for transforming 
a workflow representation into an executable form remains 
unclear. In addition, the adoption of LDT and OSMO has 
been limited [3].

To achieve an executable representation of a MODA 
workflow, two main options exist: custom coding to integrate 
solvers and data sources, or use of an integration framework 
like the Multi-Physics Integration Framework (MuPIF) [6] 
or AiiDA [7]. However, both approaches require significant 
software development expertise, along with the modeling 
and domain-specific skills needed to translate an industrial 
challenge into a solution using materials modeling and 

Fig. 1   Timeline of MODA development and subsequent initiatives

1  European Materials Modeling Council (EMMC ASBL) https://​
emmc.​eu

https://emmc.eu
https://emmc.eu
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simulation tools. Ideally, a low-code or no-code approach 
to workflow definition and implementation is needed, which 
would simplify the process and reduce the associated coding 
costs. Such a concept was explored and introduced by the 
MUSICODE H2020 project.2

MUSICODE addresses the H2020 Call  DT-
NMBP-11-2020 “Open Innovation Platform for Materials 
Modeling.” The project developed a novel Open Innovation 
Platform for Material Modeling (OIPMM) to empower the 
Organic and Large Area Electronics (OLAE) industry to 
make informed, physics-based, and data-driven decisions 
on materials design and processing, ultimately optimizing 
the efficiency and quality of OLAE device manufacturing. 
Within this platform, expert users can design complex mod-
eling workflows that span multiple length scales from elec-
tronic to continuum. They can address different engineering 
issues such as new organic material formulations and prop-
erties, device architectures and performance, and optimiza-
tion of fabrication processes. The resulting workflows can 
then be published on the platform as executable templates 
for non-expert users.

To employ this low-code approach to workflow design, 
the MUSICODE OIPMM leverages the Business Process 
Modeling and Notation (BPMN) standard  [8]. Through 
BPMN, machine-actionable MODA workflows can be 
defined, which are then automatically translated into MuPIF 
workflows for execution. This approach leads to significant 
development time savings for expert users, but most impor-
tantly, it makes the process more accessible for people with-
out coding abilities. In addition, the BPMN models become 
in their own merit a standardized documentation of what the 
workflow is doing: It significantly contributes to the need for 
well-documented modeling, complementary to the execut-
able representation, that ensures repeatability of modeling 
tasks, as well as findability of the workflows.

This paper illustrates the implementation of the MUSI-
CODE low-code approach, and it is structured as follows. 
Section From MODA to Executable Workflows describes 
the elements of MODA workflows and outlines two basic 
approaches for creating an executable representation of a 
MODA. The MUSICODE low-code approach is presented 
in Section MUSICODE BPMN-Based Low-Code Approach 
and demonstrated on a real use case in Section Results. The 
paper concludes with Section Conclusions, outlining the 

advantages of the presented low-code approach over tradi-
tional ones and highlighting future research directions.

From MODA to Executable Workflows

MODA [2] has been designed to standardize the collection 
of information on simulation models across various fields. 
It provides a step-by-step framework for the systematic 
description and documentation of models, encompassing 
all essential aspects: use case, model, solver, and post-pro-
cessor. MODA supports the development of workflows in 
which multiple models can work together to answer specific 
user questions: It is therefore an aid to translators [9], i.e., 
experts in the process of translating an industrial need/chal-
lenge into a solution by means of materials modeling and 
simulation tools.

Materials inherently present a multi-scale problem, 
requiring a well-structured hierarchy of simulations at vari-
ous levels of representation to develop accurate and predic-
tive models. A MODA model is composed by an approxi-
mated physics/chemistry equation (PE) describing generic 
physics and its materials relations (MR) describing a specific 
material and its behavior [1]. A MODA workflow outlines 
this hierarchy by specifying how models are integrated into 
a chain and simulated, e.g., sequentially or concurrently. 
It also details the timing and methods for incorporating 
databases containing experimental or simulated data. More 
specifically, a workflow describes the input data for each 
model, the model itself, the raw output generated, and any 
post-processing steps applied to this output. MODA offers a 
comprehensive framework for representing simulations with 
material models and includes four workflow templates, each 
illustrating a different approach to running models [2]:

•	 Stand-alone model (see Fig. 2).
•	 Chain of linked models: models are solved sequentially 

(see Fig. 3).
•	 Chain of iterative coupled models: iterative solution of 

segregated models (see Fig. 4).
•	 Tightly coupled models: models solved together (see 

Fig. 5).

The MODA representation for a multi-scale workflow 
employs the most suitable combination of these templates 
to represent the hierarchy of simulations (see  [1], for exam-
ple). In addition to the graphical representation, the MODA 

Fig. 2   MODA template for 
stand-alone model (source [10])

2  MUSICODE H2020 project https://​cordis.​europa.​eu/​proje​ct/​id/​
953187/​repor​ting

https://cordis.europa.eu/project/id/953187/reporting
https://cordis.europa.eu/project/id/953187/reporting
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includes a detailed textual description of each component 
of the simulation related to a model used in the chain. This 
description covers various aspects, including the specific 
element of the use case or system being simulated, the gov-
erning equations, the solver, the computational implementa-
tion, and any post-processing steps. For more detailed infor-
mation on these sections of the MODA representation, we 
refer the reader to [2].

MODA serves as a crucial tool for translators, enabling 
them to document the modeling workflow throughout the 
translation process [9]. While MODA provides all the nec-
essary information to document a multi-scale simulation 
workflow, it is not an executable format. To run the work-
flow, it must be implemented through appropriate means, 
usually requiring collaboration among experts with diverse 
skills, such as materials modeling and code development. 
A translator is expected to have a broad network of indi-
viduals and institutions capable of performing the actual 
modeling, along with a deep understanding of relevant 
software tools [9].

The code-heavy way to create an executable represen-
tation of a MODA is to develop code from scratch that 
implements the workflow, making it runnable in a local, 
distributed, or high-performance computing (HPC) envi-
ronment. The code development process includes creating 
code for the simulation models, linking models together, 
transferring data between models within the workflow, 
and executing the workflow in the chosen environment. In 
addition to the effort required, this approach lacks general-
ity and reusability.

An alternative approach involves using an integration 
platform, such as the Multi-Physics Integration Framework 
(MuPIF) [6], to generate a MuPIF executable workflow. 
Implementing a MuPIF workflow is facilitated by the tools 
provided within the framework and requires the following 
steps: supplying the simulation models, creating a model 
API for each model to integrate it into MuPIF, and defining 
a MuPIF workflow to link the models together. This last 
step can be accomplished either by writing Python code or 
using an editor that supports the graphical definition of basic 

Fig. 3   MODA template 
for chain of linked models 
(source [10])

Fig. 4   MODA template for 
chain of iterative coupled mod-
els (source [10])

Fig. 5   MODA template 
for tightly coupled models 
(source [10])
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workflows. Compared to the first approach, this method sig-
nificantly reduces the amount of custom coding and the level 
of software development expertise required. For instance, 
there is no need to write scripts to run the workflow, as 
MuPIF handles this aspect. On top of this, the MuPIF APIs 
are generic, allowing to reuse model interfaces in different 
workflows, while additional benefits can come from the sup-
ported distributed deployment of models. Nonetheless, this 
approach still requires some expertise and familiarity with 
MuPIF to implement a workflow.

Both approaches described above require software devel-
opment expertise and resources, such as time and manpower 
for custom coding, in addition to modeling expertise. Reduc-
ing the amount of custom coding needed for workflow imple-
mentation, while enhancing the compliance of models to 
FAIR [11] principles,3 could lower the implementation costs 
in the translation process. One way to achieve this is through 
the low-code approach developed by the MUSICODE H2020 
project, which is detailed in the next section.

MUSICODE BPMN‑Based Low‑Code 
Approach

A low-code development platform provides a development 
environment to create application software through a 
graphical user interface, producing entirely operational 
applications without the need for additional coding. 
BPMN  [8] is an Object Management Group4 and ISO 
standard5 for the representation of Business Processes. 
The standard defines a graphical modeling language that 
is expressive enough to model scientific workflows and 
algorithms [12, 13], formalizes the execution semantics for 
all its elements, defines an extensibility mechanism, and 
specifies an XML serialization of BPMN models. BPMN 
models can be created by using one of many graphical 
editors available in the market, e.g., Cardanit,6 therefore 
writing little to no programming code in the process. The 
MUSICODE project employs BPMN as a digital MODA 
representation of a materials modeling workflow that 
produces a concretely executable simulation workflow that 
runs on the MuPIF platform. Thus, BPMN bridges the space 
between MODA workflow definition and its executable 
encoding merging them into a single entity, while ensuring 
FAIR compliance and opening the possibility for reuse and 
generation of additional workflow implementations. In fact, 

the MUSICODE BPMN-based low-code approach enhances 
the following FAIR principles for MODA.

•	 F1: (Meta)data are assigned a globally unique and 
persistent identifier - The BPMN XML representation 
makes it possible to include globally unique identifiers 
for MODA workflows.

•	 F2: Data are described with rich metadata - With the 
BPMN XML representation, the MODA workflow and 
its metadata are encoded within the same file.

•	 I1: (Meta)data use a formal, accessible, shared, and 
broadly applicable language for knowledge representa-
tion - BPMN is a knowledge representation language that 
has all the listed characteristics.

•	 I2: (Meta)data use vocabularies that follow the FAIR 
principles - BPMN elements and attributes are defined 
in the BPMN specification [8], and the XML representa-
tion is formalized via an XML schema definition, both 
are easily findable and accessible.

•	 R1: (Meta)data are richly described with a plurality of 
accurate and relevant attributes - With BPMN, it is pos-
sible to encode any relevant attribute in the XML repre-
sentation.

Figure 6 presents a graphical representation of the process 
to go from a MODA workflow to its execution and high-
lights the main characteristics of and differences between 
the code-heavy approach, the approach based on MuPIF, and 
the MUSICODE low-code approach. The following sections 
dive into the details of the translation of MODA workflows 
into BPMN models and the conversion of the latter into 
MuPIF workflows for execution.

From MODA to BPMN

The building blocks of a BPMN workflow are Activities, 
Events, and Gateways. The control flow is designed by 
drawing arcs known as Sequence Flows from one block to 
the next, while the data flow is designed by drawing Data 
Associations and by using data elements to represent the 
actual data. The types of BPMN data elements are Data 
Input, Data Output, Data Object, and Data Store. They 
are designed to contain the following categories of data:

•	 Data Input: an input provided to the BPMN workflow 
from the outside (e.g., from user input, or from an 
external information system);

•	 Data Output: an output produced by the workflow and 
available to the outside;

•	 Data Object: an information that is transmitted from 
one activity (the producer of such information) to 
another (the consumer) within the workflow;

3  FAIR Principles: Findability, Accessibility, Interoperability, and 
Re-Usability https://​www.​go-​fair.​org/​fair-​princ​iples/
4  Object Management Group https://​www.​omg.​org
5  ISO/IEC 19510:2013 https://​www.​iso.​org/​stand​ard/​62652.​html
6  ESTECO Cardanit https://​www.​carda​nit.​com

https://www.go-fair.org/fair-principles/
https://www.omg.org
https://www.iso.org/standard/62652.html
https://www.cardanit.com
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•	 Data Store: an information that is persisted and remains 
available across different executions of the workflow.

Only the first three types of data elements were necessary 
in the MUSICODE implementation.

As we will show in this section, each one of the four 
MODA template workflows mentioned above can be trans-
lated to a BPMN workflow.

Elementary Units

The translation from MODA to BPMN implies the pre-
liminary translation of the elementary units that compose 
a MODA workflow into one or more elements of a BPMN 
workflow architecture. Such units are the operative units, 
i.e., the models and the data, the latter being the inputs 
and the outputs. The MODA models shall be translated to 
BPMN Tasks. Tasks are a type of Activity and represent 
a job that needs to be carried out by a system or a human 

operator. In general, each MODA model is translated to 
two BPMN Tasks:

•	 Model Task: It represents the process execution step. 
It solves a physics problem by resorting to an external 
computational model and produces new entities as 
output (e.g., the structure of a new molecule). It is 
basically a wrapper for such model and provides it the 
required input for the computation;

•	 Post-processing Task: It manipulates the Model Task 
outputs to extract properties from the raw data.

For each template, the data elements are translated as 
follows:

•	 The user case input is translated to a Data Input con-
sumed by a Model Task;

•	 The raw output is translated to a Data Object produced 
by a Model Task and consumed by the downstream post-
processing Task;

Fig. 6   From MODA to executable workflows: characteristics of different approaches
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•	 The processed output is translated to a Data Object or 
Data Output produced by the post-processing Task.

Template Workflows

In this section, we present the procedure for translating each 
MODA template workflow to BPMN. While all of the pos-
sible MODA models are enumerated here, the implementa-
tion of the MUSICODE platform specifically required the 
translation of only the first three (see Section Implementa-
tion in MUSICODE). Starting from the elementary units, 
the specific translation procedure for each MODA template 
workflow can be carried out as follows: 

1.	 Stand-alone model (see Fig. 7): the only model present 
in the workflow is translated to the above-mentioned pair 
of Tasks;

2.	 Chain of linked models (see Fig. 8): each stand-alone 
model is translated separately, and then, the models are 
connected together with a Sequence Flow transferring 
the control from the post-processing Task of one model 
to the Model Task of the next;

3.	 Chain of iterative coupled models (see Fig. 9): the trans-
lation is analogous to the one for linked models, but 
with a further specification concerning the data flows, 
the processed output of one model serves as input to 
the next. Additionally, two Exclusive Gateways are 
employed to model the iteration loop;

4.	 Tightly coupled models (see Fig. 10): the models are 
grouped into an Ad Hoc Sub-Process to mark that such 
Tasks can be executed in parallel. No data flows are cur-
rently documented for Ad Hoc Sub-Processes, thus leav-
ing space for interpretation according to the semantics 
of the MODA model.

The procedure to translate the four MODA templates 
to BPMN processes is straightforward. At the same time, 
given the intermediate level of formalization of MODA 
and its ambiguities, translating some MODA workflows 
might require slightly different steps or the use of additional 

BPMN elements. The high number of workflow control-flow 
patterns7 supported by BPMN suggests that any workflow 
defined with MODA can be translated to an executable 
BPMN process.

Implementation in MUSICODE

In the MUSICODE platform, modelers use a BPMN editor 
based on Cardanit to map their MODA workflows to BPMN 
processes. Tasks within these processes represent physics-
based simulation models available in the OIPMM, while 
data elements describe the data exchanges between them. 
Each type of MODA model is translated to a new BPMN 
element named Model Task. Model Tasks are defined via the 
standard’s extension mechanism. Both MODA models and 
Model Tasks represent distinct, atomic parts in the respec-
tive workflows, and therefore, they retain their semantic 
value in the translation. This allows for a static, beforehand 
translation of each MODA model into a corresponding 
Model Task.

The metadata of MODA models for MUSICODE are con-
tained in JSON files stored inside the platform’s Data Man-
agement System (DMS), based on ANSYS Granta MI.8 The 
translation consists in extracting information from a JSON 
representation of the MODA model to shape the Data Inputs 
and Data Outputs of the Model Task associated with it (see 
Fig. 11).

Three MODA model templates are supported in MUSI-
CODE to satisfy the needs of the project user cases: the 
stand-alone, the chain of linked models, and a simplified 
version of the iterative model. In such version, the execu-
tions are iterated on a single model, according to the Multi-
Instance Characteristics pattern of the BPMN standard (see 
Fig. 12). The number of iterations depends on the number 
of values contained in a selected Data Input (e.g., the num-
ber of values of an array), and the execution of the model 

Fig. 7   BPMN translation for 
the stand-alone MODA model 
template

7  Workflow Patterns Initiative, control-flow patterns http://​workf​
lowpa​tterns.​com/​patte​rns/​contr​ol/
8  ANSYS Granta MI https://​www.​ansys.​com/​it-​it/​produ​cts/​mater​ials/​
granta-​mi

http://workflowpatterns.com/patterns/control/
http://workflowpatterns.com/patterns/control/
https://www.ansys.com/it-it/products/materials/granta-mi
https://www.ansys.com/it-it/products/materials/granta-mi
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instances can be carried out in parallel in a (or multiple) 
connected HPC facility(ies).

As long as the models available within the OIPMM are 
sufficient to implement a MODA workflow, no additional 
coding is required to generate an executable representation 
of a given MODA workflow. However, if the necessary 
models are not yet integrated into the OIPMM, the user 
only needs to implement the missing models and their 
corresponding MuPIF model APIs.

From BPMN to MuPIF

To obtain an executable workflow, the BPMN process must 
be converted into a MuPIF-compliant workflow. Alongside 
the visual block representation, the BPMN standard pro-
vides an XML representation of its elements. Therefore, a 

BPMN workflow is essentially an XML file. Conversely, a 
MuPIF-compliant executable workflow is a function written 
in Python language. The translation is performed by convert-
ing the BPMN XML into a JSON representation of a MuPIF 
workflow, and then resorting to a library that is part of the 
MuPIF ecosystem to generate the Python code, as depicted 
in Fig. 13.

The JSON representation of the workflow describes the 
execution and data flow models. The execution model is 
built from execution blocks. The data model determines data 
dependencies between the input/output slots of the workflow 
and the input/output slots of the individual execution blocks. 
Each I/O slot is identified by its name and annotated with 
the slot datatype (determining the physical meaning of the 
slot) and the flag indicating whether the slot is optional or 

Fig. 8   BPMN translation for the 
chain of linked MODA models 
template
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not. The data model consists of a list of pairs, containing 
source and target slots.

Each execution block represents a specific execution logic 
(such as sequential block, loop block, if-then-else block, or 
simulation model execution block) and can contain nested 
execution blocks. Each block has methods that generate 
block initialization, code execution, and finalization in 
Python. The initialization code typically resolves execution 
block inputs (determined by the data model). For exam-
ple, the loop block initialization code initializes the loop 
counter, and the execution code loops over nested blocks. 
Furthermore, it calls the initialization and the code genera-
tion methods of such nested blocks; finally, it checks if loop 
termination condition is met. In short, the execution model 
combines pre-configured execution blocks to represent target 

workflow execution logic. The modular design of the gen-
erator allows introducing custom-based execution blocks to 
meet the specific needs.

The translation from BPMN to MuPIF-compliant code 
requires one last specification: The translator needs to map 
the BPMN process Data Inputs and Data Outputs (i.e., the 
classes of data elements that define the inputs and outputs 
of each Model Task) into attributes of the material data that 
were previously defined in the MODA (e.g., “Grains” con-
sisting of “Molecules” for some representative MUSICODE 
use cases). Each input and output is supplied with attributes 
defining its physical meaning, measurement unit, etc. The 
data mapping is validated to minimize the errors and ensure 
valid code generation.

Fig. 9   BPMN translation for the chain of iterative coupled MODA models template

Fig. 10   BPMN translation for 
the tightly coupled MODA 
models template
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Fig. 11   When the translator selects a MODA model, its inputs and outputs are mapped into BPMN Data Inputs and Data Outputs

Fig. 12   A multi-instance loop is set for the “DFT solve” model task



146	 Integrating Materials and Manufacturing Innovation (2025) 14:136–152

The material data are stored inside the MUSICODE DMS 
as tables; therefore, the translator is required to scan such 
tables and select the desired attribute for each data element 
(see Fig. 14). The rest of the translation is performed auto-
matically by the MuPIF library. The result is Python code 
ready to be executed. Although in the MUSICODE platform 
the execution is meant to be performed by the distributed 
architecture of MuPIF (employing input data extracted from 
the DMS), the generated Python code can run on any com-
puting system, from a software developer’s local machine 
to a HPC cluster.

Results

In this section, we demonstrate the MUSICODE BPMN-
based graphical workflow editor used on a simplified use 
case relevant to organic electronic materials. Specifically, 
we address the electronic state distributions in a sample 
of disordered organic molecules at a target temperature 
T. By electronic states here, we simply mean the highest-
occupied/lowest-unoccupied molecular orbital energies 
(HOMO/LUMO), which are important in determining 
absorption bands and charge transport from molecule to 
molecule. Most organic electronic materials are gener-
ally found in a disordered state (amorphous or partially 
amorphous), and thus, the HOMO-LUMO values will be 
different for each molecule due to being at a different local 
deformation (due to its immediate neighborhood) and due 
to the thermal motion. The distribution of HOMO-LUMO 
values gives information about the average size of the 
electronic band gap (i.e., ⟨Eg⟩ = ⟨LUMO − HOMO⟩ ) and 
the energetic disorder (i.e., � , the standard deviation of 
LUMO states for electron transport and of HOMO states 
for hole transport), which determine the optical absorp-
tion edge and the density of traps, respectively. To achieve 
this, an atomistic molecular dynamics (MD) simulation is 
needed to relax the molecular assembly at the target tem-
perature T and then perform separate electronic density 
functional theory (DFT) calculations in every molecule in 
the assembly to get the electronic states. Thus, the output 

of the MD simulation is the input of the parallel DFT 
simulations, whose raw output is in turn the input to the 
post-processing module that will extract the ⟨Eg⟩ and � 
values. In the following, we will describe the process of 
translation from a MODA workflow to a BPMN workflow 
and generation of MuPIF executable code, along with the 
necessary links to and from the DMS for the input and 
output data.

Use Case Workflow and its MODA Representation

In the context of MUSICODE data representations, a 
“grain” is a molecular ensemble, i.e., a computational box 
consisting of a number of molecules. Information about this 
grain (e.g., cell size, atomic information, atomic positions, 
masses, partial charges, interaction potentials, boundary 
conditions, etc.) is all suitably stored in a single HDF5 con-
tainer in the DMS, searchable and findable by the workflow 
editor. Suppose that such a grain of interest is indeed avail-
able in the DMS, but was thermodynamically relaxed at a 
temperature T

0
 which is different than the target temperature 

T. In our use case scenario, the user wants to relax the grain 
in the new temperature T, extract one by one all molecules 
and perform electronic structure calculations (ideally in 
parallel and not serially one after the other), and then post-
process the raw output to extract the following quantities: 
mass density, average band gap, and disorder in states (see 
Fig. 15).

In more detail, such a workflow scenario requires the fol-
lowing modeling steps:

•	 A call to a MD model, for which the open solver NAMD9 
is used, to elevate the temperature from T

0
 to T and 

equilibrate the system at the higher temperature using a 
suitable thermostat. Given the large size of the molecular 
system, a parallel execution with CHARM++10 is needed 
on an HPC cluster;

Fig. 13   The automated steps to translate a BPMN process into a MuPIF workflow

9  NAMD https://​www.​ks.​uiuc.​edu/​Resea​rch/​namd/
10  CHARM++ https://​charm.​cs.​illin​ois.​edu/

https://www.ks.uiuc.edu/Research/namd/
https://charm.cs.illinois.edu/
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•	 Multiple (parallel) calls to electronic structure calcu-
lations, for which the Gaussian11 DFT solver is used. 
Each run, in turn, is by itself executed in parallel with 
LINDA12 on an HPC cluster;

•	 Post-processing to gather the results and compute statis-
tics.

The models required by the workflow are the following:

•	 A NAMD model to perform the equilibration;
•	 A pre-processor to determine and prepare the DFT runs;

Fig. 14   The interface that enables the translator to map BPMN Data Inputs and Outputs into material data attributes

11  Gaussian https://​gauss​ian.​com/
12  LINDA https://​gauss​ian.​com/​linda​prod/

https://gaussian.com/
https://gaussian.com/lindaprod/
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•	 A Gaussian model to perform the DFT runs in parallel;
•	 A post-processor to gather and prepare the output.

The required data elements are the following:

•	 Two inputs: the grain at temperature T
0
 , and the desired 

temperature T;
•	 Three outputs: mass density, average band energy gap, 

and energetic disorder.

The resulting MODA workflow is depicted in Fig. 16.

MuPIF Models

For each MODA model in MUSICODE, a JSON file is 
stored into the DMS. The content of such JSON file is 
referred to as “model metadata” and is used not only to 
translate the MODA model into BPMN, but also to detail 
the translation of the BPMN workflow into MuPIF-compli-
ant Python code. For the implementation of a model toward 
executable workflows, the creation of an API is required. 
Each API provides the possibility to request actual execu-
tions of the selected solver, alongside with data pre- and 
post-processing. The API enables the users to operate mod-
els using an abstract, generic interface. The interface allows 
to map model inputs and outputs, request model update for 
a specific time step, etc. The implementation of such APIs is 

Fig. 15   The simple use case scenario demonstrated here: a “grain” record is found and retrieved from the DMS; MD simulation is performed to 
relax in new temperature T; DFT simulations for each molecule in the grain; and post-processing to extract useful information

Fig. 16   MODA workflow for the grain relaxation workflow
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one of the few software development efforts required by the 
framework presented in this paper. Both domain and coding 
expertise are necessary to complete such a task. To allevi-
ate it, MUSICODE partners developed a tool for generating 
model APIs, the Automatic API Generator13 (see Fig. 17), 
which creates a MuPIF-compliant skeleton of the API imple-
mentation from the model metadata. For additional details 
on the implementation of a Model API and an example using 
the Gaussian model, we refer the reader to the electronic 
supplementary material.

BPMN Representation of Workflow

Once the APIs for the four models required in the work-
flow have been implemented (here named MD_API, DFT-
pre, DFTsolve, and DFTpost, respectively), the models are 
stored into a model registry managed by MuPIF. Hence, 
they become visible to the BPMN visual editor of the 
MUSICODE platform, named the Workflow Editor. Model 
Tasks are meant to represent the core of the workflow: after 

dragging a new Model Task into the drawing canvas, the 
translator selects which one of the available models (four 
in this case) it will represent. Data Inputs and Data Outputs 
for the Model Task are created automatically according to 
the selected model. The creation of the BPMN workflow is 
simplified by features of the Workflow Editor such as the 
automatic drawing of data flows and the easy selection of 
the input data for a loop architecture.

The resulting BPMN workflow is shown below (see 
Fig.  18). In this example, while the MODA inputs are 
mapped one-to-one to the BPMN Data Inputs, an additional 
BPMN Data Output accounts for the energy gap distribution. 
Data Objects are added to trace the flow of data between 
the Model Tasks. Finally, the Multi instance loop option is 
selected for the Model Task referring to the solver (“DFT-
solve”), and an input for the loop is selected among the 
Model Task’s Data Inputs, thus specifying the variable to be 
looped through. The whole BPMN workflow undergoes an 
automatic validation procedure, after which the translator is 
notified of possible formal violations to the BPMN standard 
that need to be corrected.

Fig. 17   MuPIF Automatic API generator (the user enters the model metadata in the left text box, and the generated model implementation 
appears in the right text box)

13  MuPIF Automatic API Generator https://​mupif.​org/​tools/​api_​gener​
ator.​html

https://mupif.org/tools/api_generator.html
https://mupif.org/tools/api_generator.html
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MuPIF Workflow and Execution

The Workflow Editor’s user interface guides the translator 
through the last phase, which is to complete the mapping 
procedure, as mentioned in Section From BPMN to MuPIF. 
The BPMN Data Inputs and Data Outputs need to be mapped 
to specific data contained in the DMS, namely attributes of 
the material data. Alternatively, a Data Input can be marked 
as a parameter to be entered manually when launching a 
simulation execution. The mapping procedure is preceded 
by a validation step: The Workflow Editor checks the 
formal correctness of the BPMN workflow (e.g., data type 
matching) automatically and asks the translator to fix the 
errors, if any. After the validation is successful, the interface 
for the mapping is shown to the translator (see Fig. 14). One 
or more tables referring to material modeling entities (e.g., 
molecules, devices, etc.) can be selected, and each input can 
be mapped to one attribute of one of such tables.

Once the mapping procedure is completed, the workflow 
is ready to be published. The publishing phase implies the 
automatic translation of the workflow into executable code. 
Such code, named a template, is then stored into the DMS 
together with the source BPMN workflow and a JSON file 
summarizing the mappings. Once the template has been 
created, no further knowledge of the working principles of 
the translation from MODA to BPMN to code is required. 
The execution can be requested by domain experts (without 
coding expertise) that based on their knowledge of mate-
rial modeling and of the desired outcome of the model, can 

select reasonable inputs and parameters for the template. 
Every template can be run an indefinite amount of times. 
Although the execution on local computer is possible, the 
code typically runs on a HPC facility. Execution requests 
are accepted via a polling mechanism and dispatched to the 
HPC. Once the results are ready, they are stored into the 
DMS. Results can be either visualized from the DMS inter-
face or downloaded.

Conclusions

This paper presented a low-code approach for the transfor-
mation of MODA workflows into executable multi-scale 
workflows. This approach, based on the use of the BPMN 
standard and the MuPIF integration framework, has been 
implemented in the MUSICODE OIPMM and demonstrated 
through a real-world use case.

Summarizing the procedure that leads from a set of 
requirements to the actual execution of a simulation, the 
translator is the professional who performs the majority 
of the steps. The translator operates for the most part on 
visual interfaces (i.e., those of the MUSICODE Workflow 
Editor) to convert the MODA workflow into BPMN, and 
from BPMN into executable code. The implementation of 
the API, alongside with the implementation of the models 
that are required but not yet part of the OIPMM, is the only 
task that demands actual programming. Thus, the low-code 
nature of the framework presented in this paper is confirmed, 

Fig. 18   BPMN representation of the MODA workflow
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as opposed to alternatives like custom coding to link 
together solvers and data sources or the use of an integration 
framework. Once the translator’s work is completed, domain 
experts can execute the resulting template multiple times. 
Such experts, e.g., the investigators who formulated the 
user case, need to have knowledge of material modeling 
discipline and the related physics principles; conversely, 
they are not required to possess any coding skills, or any 
knowledge about the whole translation process.

The proposed approach shows that BPMN can act 
as a bridge between a MODA workflow definition and 
its executable encoding, merging them into a single 
entity while ensuring FAIR compliance and opening the 
possibility for reuse and generation of additional workflow 
implementations. This single entity represented by a 
BPMN model has a formal graphical representation, a well-
defined execution semantics, and is machine readable and 
actionable. It thus overcome several of MODA shortcomings 
and initiatives that tried to address them.

While the expressivity of BPMN suggests that any 
workflow defined with MODA can be translated to an 
executable BPMN process, the MUSICODE OIPMM 
currently supports only three MODA templates. Future 
research directions could focus on the analysis and support 
of additional MODA templates and explore the use of 
BPMN for the encoding of all the sections of a MODA 
template.

Finally, we have demonstrated the translation and 
implementation of executable multi-scale workflows using 
a very simple example relating to the OLAE domain. We 
note that within the MUSICODE OIPMM several high-
level multi-scale workflows, which link different modeling 
scales from electronic (DFT) to continuum (CFD), have 
been created and validated with the Workflow Editor. 
Currently, our workflows are designed to support two main 
OLAE industry innovation needs: (a) modeling workflows 
for materials discovery (like the one demonstrated here), 
predicting the properties of new organic materials, doped 
materials, material combinations and formulations, and (b) 
modeling workflows for production optimization, simulating 
wet- and gas-phase processing and predicting the effects of 
processing conditions on the material properties. However, 
they are not limited to that; more research critical directions 
can be supported through the OIPMM, such as inter-layer 
material interactions, materials stability, defect formations, 
and device and module aging. We stress that such highly 
complex and expansive multi-scale workflows are in general 
extremely hard to keep track of even for expert users, not 
to mention traceability and reusability. We hope that the 
MUSICODE low-code approach for simulation workflows 
and executable MODAs will offer a great platform to create 
fully documented, traceable, and reusable workflows, 
which will be easily managed by domain experts even 

with no coding expertise. Of course, the BPMN editor is 
quite generic and versatile, so that other industries (besides 
OLAE) using organic materials can immediately benefit 
from the OIPMM infrastructure, such as pharmaceutical, 
packaging, construction, and advanced composites.
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