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Software Segmentation

All Software

Research Software in

Software Research

Research Software
created during the research process or for a research purpose

Software in Research
used for research but not created during or with research intent

[Chue Hong et al. 2022]



Purpose of Research Software Categories

Categories for research software may serve

* as a basis of institutional guidelines and checklists for research software
development;

* to better understand the different types of research software and their specific quality
requirements;

* to recommend appropriate software engineering methods for the individual categories;
* to design appropriate teaching / education programs for the individual categories;
» for a better assessment of existing software when deciding to reuse it;
 for research funding agencies, to define appropriate funding schemes;
* to define appropriate metadata labels for FAIR research software;
* in RSE Research, to provide a framework for classifying research software artifacts.

This list is not exhaustive.



Multi-Dimensional Categorization

Research Software

Category

(9 «D 3 13) 21) (4

[Hasselbring et al. 2024]



Roles of Research Software

Research software’s roles mainly fall into one of the following top-level
role categories (and sometimes combinations):

1. Modeling, Simulation and Data Analytics
2. Technology Research Software

3. Research Infrastructure Software

Let’s take a look at the sub-categories via the mindmap.



1.

Refinement of
Category 1

Modeling, Simulation and Data
Analytics of, e.g., physical,
chemical, social, or biological
processes in spatio-temporal
contexts.

1. Numerical and agent-based modeling
and simulation (in silico experiments)

2. Data Analytics (observation /
simulation data, statistical analysis and
machine learning)

3. Software Analytics (static, dynamic,
evolution, repository mining)

4. Integrative Analysis (data assimilation,
decision analysis)

5. Scientific Visualization

' Modeling, Simulation and Data Analytics

{ Numerical Modeling

—— Modeling and Simulation —
| Agent-based Modeling

| Observation Data

- Data — (-
| Simulation Data
- Data Analytics —(-
| Statistical Analysis
—— Method —-
- Machine Learning
- Static
| - Dynamic
—— Software Analytics —
- Evolution

- Repository Mining
Data Assimilation
— Integrative Analysis —~

Decision Analysis

Scientific Visualization



Related:

Category 1 in Earth System Sciences

Computational research in the Earth System Sciences

Simulation of
Earth system processes

by

Earth system models (climate and weather models) and integrated assessment
models

sectoral models of, e.g., deep Earth processes, water on the continents, ocean
processes, biogeochemical cycles and vegetation

Design, processing
and analysis of

Earth observations, e.g.,

* processing of GRACE satellite signals to derive time series of mass change
* geomorphometric analyses of land surface elevations

* objectidentification in satellite images

lab and field observations and experiments, e.g.,

* |uminescence dating

» geostatistical analysis

Integrative analysis of

simulation models and Earth observations by, e.g., data assimilation

large databases using statistical analyses or machine learning (“big data“ analyses)

stakeholder knowledge by, e.g. multiple-criteria decision analysis or Bayesian
networks

[Doll et al. 2023]




Related:

Defining the roles of research software
'van Nieuwpoort 2022, van Nieuwpoort and Katz 2023]

oy 5“ Research software is a component of our instruments Category 3.1

V.S ! n""’ Research software is the instrument Category 1&3
B ma L L] & L] A

_ E Research software analyses research data Catego ry 1.2

Category 1.5

e E Research software assembles or integrates existing components into a working whole Catego ry 3.3
Research software is infrastructure or an underlying tool Catego ry 3

: Research software facilitates distinctively research-oriented collaboration Category 3 6 _ 3 8

Category 2 not included. (meanwhile updated at https://doi.org/10.54900/xdh2x-kj281)



Jpdate:
van Nieuwpoort and Katz 2024]

Research software is a component of our instruments

Research software is the instrument

Research software analyses research data

Research software presents research results

Research software assembles or integrates existing components into a working whole

¥ Research software is infrastructure or an underlying tool

Research software facilitates distinctively research-oriented collaboration

Research software itself is a research tool for technology research

In technology research (most often
in computer science, and also in
other disciplines), research
software often plays a special role.
Here, the research software itself is
a key research tool

For example, it can be a software
prototype that demonstrates or
explores a novel technological
concept.

An example is a computer science
researcher who is researching
compiler technology, with the idea
of examining the performance of
different options in programming
language design.

In this case, the prototype compiler
is research software, since it is an
artifact produced by computer
science research. We therefore call
this class of software “technology
research software”.



Category 2:
Technology Research Software

* “Technology is the application of conceptual knowledge for achieving
practical goals, especially in a reproducible way.

* The word technology can also mean the products resulting from such efforts,
including both tangible tools such as utensils or machines, and intangible
ones such as software.” https://en.wikipedia.org/wiki/Technology

* Engineering research (AKA Design Science) is research that invents
and evaluates technological artifacts.!

* The refinement via “Technology Readiness Levels” should be
appropriate.

thttps://github.com/acmsigsoft/EmpiricalStandards/blob/master/docs/standards/EngineeringResearch.md



Technology Readiness Levels as Sub Roles

A\
\ sub role |
Role in Research S~ e Readiness

Technology Research Software

Modeling, Simulation and Data Analytics TRL 2 - Technology Concept Formulated ‘

A5 TRL 3 - Experimental Proof of Concept

- Research Infrastructure Software TRL 4 - Technology Validated in Lab

| TRL 5 - Technology Validated in Relevant Environment
(11
TRL 6 — Technology Demonstrated in Relevant Environment

TRL 7 — System Prototype Demonstration in Operational Environment

TRL 8 - System Complete and Qualified

TRL 9 - Actual System Proven in Operational Environment
11



' Research Infrastructure Software

Category 3

3.1.Control and Monitoring Software
3.2.Data Collection and Generation
3.3. Pipelines / Workflows

3.4. Libraries

3.5. Laboratory Notebooks

3.6. Data Management

3.7.Software Management

3.8. Collaboration and Publication

12

- Data Collection
- Pipelines / Workflows

- Libraries

—— Laboratory Notebooks ‘

- Data Management

—— Software Management ‘

- Collaboration Software

- Control and Monitoring Software }——

Embedded
Web-Based

Native



Developer & Dissemination Dimension

Individual R h é“
nailviadua esearcner

Contractor

Local Research Group
Project Group

Community # Open Source

' Closed Source

-~ Software as a Service
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Stage Dimension:
Research Software Lifecycles
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Can you trace your projects
through the lifecycle diagram?

Leave Feedback Here!

Do you hitall the stages?

Is something missing

Does your software fall into a defined category?

Whatcategory definition is missing?

Would this provide benefit

or unclear? to your team/project?

Role in
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d Data Analytics

Simulatic

1 Data
Data Analytics

Method }—

Repository Mining
Data Assimilation
Analysis Decision Analysis

Scientific Visualization

Agent-based Modeling

Research Software Category

Readiness

TRL 1 - Basic Principles Observed

TRL 2 - Technology Concept Formulated
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[ Observation Data

H S nErn |~ TRL 4 - Technology Validated in Lab
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A Static
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Software Analytics [—
Evolution
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sub role

Research Infrastructure Software

A Development

Embedded

L Control and Web-Based

Data Collection
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Data Management

Software Management
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Initial
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Developer
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See also https://doi.org/10.48550/arXiv.2404.14364
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*Additional categories not depicted: Criticality, Maturity
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Maturity:
Assessment
via RSMM

1. Software
Project
Management

1.1 Requirements
1.2 Code quality &
Security

1.3 Communication

- & Collaboration

2. Research

Software
Management

2.1 Impact measurement
2.2 Sustainability
2.3 Visibhility

- 2.4 Usage costs & Ethics

—~

4.1 Ease of use

4.2 Documentation
4.3 Technology

4.4 Reproducibility
4.5 Education

-

3.2.Community
3.3 Developers

3.4 Licensing

3.1 Partnerships

4 focus areas and 17 capabilities: [Deekshitha et al. 2024]

(Framework for research software assessment based on COBIT: [zu Castell et al. 2024])

4.6 Deployability




Role / Readiness / Maturity:
Technology Readiness Levels (TRL)

 TRL 1 — basic principles observed

* TRL 2 — technology concept formulated
* TRL 3 — experimental proof of concept
* TRL 4 —technology validated in lab
 TRL5 —technology validated in relevant environment Technology
* TRL 6 —technology demonstrated in relevant environment E;fte;;crz

* TRL 7 — system prototype demonstration in operational environment

* TRL 8 — system complete and qualified

 TRL9 — actual system proven in operational environment

[Rose et al. 2017]



Related:
Application Classes in Institutional Guidelines

Application Small scope, * Scripts to process data for a publication.
* Simple administrative scripts to automate specific tasks

Class 0 personal use * Software that demonstrates or tests certain functions
Application Narrow scope,

* Software from Bachelor/Master/PhD theses
Class 1 beyond personal use ware from Bachelor/Master/ >es

» Software from smaller/shorter research projects
Application Extended scope,

: * Software from longer-term research projects

Class 2 wider use G

* Software libraries, frameworks
Application Critical software, . N

* Mission-critical software
Class 3 software products * Software that is sold as a produt (with warranties)

e Software that serves as research infrastructure

[Schlauch et al. 2018]
[Fritzsch 2023]
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[Schlauch et al. 2018]




Additional Dimension:
Categorization based on Criticality

 Safety-critical software
* Failure results in loss of life, injury or damage to the environment;
* Example: Railway interlocking system

 Mission-critical software

* Failure results in failure of some goal-directed activity and/or loss of critical
infrastructure;

* Example: Spacecraft navigation system

e Business-critical software
* Failure results in high economic losses or damage to reputation;
* Example: Customer accounting system in a bank

= Dependability

* Policy-critical software (?)



Additional Dimension (not yet included):
Software Layers

Scripts, notebooks,

4 Project-specific code wWorkflows

3 Domain-specific tools GROMACS, MMTK, ...

2 Scientific infrastructure BLAS, HDF5, SciPy, ...

1 | Non-scientific infrastructure gcc, Python, ...

Operating system GNU/Linux, ...

Figure 1. Typical scientific software stack.
[Hinsen 2019]



Related:The Research Software

Encyclopedia’s Taxonomy

» Software to directly conduct research
- Domain specific software
* Domain-specific hardware (e.g., software
for physics to control lab equipment, or
embedded hardware)
* Domain-specific optimized software (e.q.,
neuroscience software optimized for GPU)
* Domain-specific analysis software (e.g., SPM,
fsl, afni for neuroscience)
- General software
* Numerical libraries (includes optimization,
statistics, simulation, e.g., numpy)
* Data collection (e.g., web-based experiments
or portals)
*Visualization (interfaces to interact with,
understand, and see data, plotting tools)

, [Sochat et al. 2022], https://rseng.github.io/rseng/

Software to support research

- Explicitly for research
* Interactive development environments for
research (e.g., Matlab, Jupyter)
* Workflow managers
* Provenance and metadata collection tools
- Used for research, but not explicitly for it
* Databases
* Application programming interfaces
* Frameworks (to generate documentation,
content management systems, etc.)
- Incidentally used for research
* Operating Systems
* Package Managers
* Virtualization technologies
* Formatting, indexing, or other small helper
libraries
* Scheduling and task management (for people)
* Version Control
* Text Editors and Integrated Development
Environments (IDEs)
* Communication tools or platforms (e.g., email,
video-conferencing, etc.)
* Infrastructure (e.g., on-prem or cloud servers
used for services or research needs)
* Testing or software libraries



Research Software Examples



Example for Category 1.1 (Modeling and simulation):
Modularization of Earth-system simulation software
as basis for domain-specific languages

e —

How to

* improve maintainability, stability, reusability, reproducibility, ... ?

* enable scalable execution in the Cloud?

e parallelize for high performance computing?

 test for higher quality?

* achieve higher flexibility? Ocea n DSL

) DF Deutsche
[Johanson & Hasselbring 2017, Jung et al. 2021, 20223, 2022b] Forschungsgemeinschaft
4

2 German Reseal rch Foundation



Example for Category 1.2 (Data analytics):
OceanTEA: Analyzmg Ocean Observat|on Data

Paper on the analysis results: [Johanson et al. 2017] /‘
Paper on the software architecture: [Johanson et al. 2016] \‘ \‘
Code: https://github.com/cau-se/oceantea

future ocean
KIEL MARINE SCIENCES

25
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Examples for Category 2
(Technology Research Software)

Lieker

https://github.com/kieker-monitoring

ExplerViz

https://github.com/ExplorViz

https://www.theodolite.rocks

: I_I/ S o o
Sustain Xieker
Kieker: A monitoring framework for software

engineering research
[Hasselbring and van Hoorn 2020]

ExplorViz: Research on software visualization,
comprehension and collaboration
[Hasselbring et al. 2020c]

The Theodolite Scalability Benchmarking
Framework
[Henning and Hasselbring 2021, 2022]



Example for Category 3.1 (Control & Monitoring):
Software for Ocean Observation Robotics

Digital Twin
Prototype

Digital Twin

Q

[Barbie et al. 2021] GEOMAR

Physical
Twin

27



Examples for Category 3.2 (Infrastructure):
PIA: Data Collection for Medical Research

External Scheduling
Software
etwork ]
Cel Docker Host Vi entOS Docker Hos!
Do pase Network Docker Compose Network
Qocker
Covntwine: Beverse
External -
Data APl = »
T / Gateway
l \ T
p— LK /lh\a |
P — e | [ 17 1]
""""" @ Personal
Coatainer Data - L
SESESRE. Service —
- Do
[ Coﬂ:::r
Service 1| |7 |Service 2

1. \\
Doswer Docwer Dacker
Container Contairer anm Congsiner
Service 3 Service 10

T
]
/

|

]

|

CentOS Docker Host VM 3 /

Docker Compase Network / d /
» | - ’Il
LA

|
= (L 3

Corstaingy
ewPIA DB aPIA DB
Communication cannot by
n read or manipul nauthorised
twork Compon

28 [Heise et al. 2022] https://github.com/hzi-braunschweig/pia-system
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Examples for Category 3.6 and 3.8 (Infrastructure):
EPrints Software for Open Access Repositories

OceanRep

GEOMAR

OceanRe
P Research Software Categorization and RSE Research @ EPCC.

> OceanRep Home
Logged in as Wilhelm Hasselbring | Manage deposits | Manage records | Profile | Saved searches | Review | Admin | Logout

> Contact
QUICK SEARCH Hasselbring, Wilhelm (2024) Research Software Categorization and RSE & Tools
Ri ch @ EPCC. 3 [Talk] In: EPCC Seminar. , July 23rd, 2024, Edinburgh, UK GEOMAR o

- T
> Simple Search p Slideshow

2024-07-23EPCC.pdf - Presentation
Download (4MB) | Preview

> Advanced Search

BROWSE
> Author
> Research division Abstract
> Document type . . . L
Research software is software that is designed and developed to support research activities. It can be used to collect,
> Year process, analyze, and visualize data, as well as to model complex phenomena and control sophisticated experiments.
> Course of Study Research software has been categorized in different contexts to serve different goals. | start with a look at what research

software is, before | discuss the purpose of research software categories. I'll present a multi-dimensional categorization of
research software. As selected dimensions, | present some role-based, developer-based, and maturity-based categories.

LATEST

Research Software Engineering (RSE) and the related role of Research Software Engineer has emerged as a job profile in
its own right. We highlight the concept of Research Software Engineering Research, RSE Research in short, as a

> Al complementary approach to RSE: conducting research on understanding and improving how software is developed for
research. Categorizations of research software may serve in RSE Research to provide a framework for classifying research
software artifacts.

> Peer-reviewed Articles

ABOUT US >

https://oceanrep.geomar.de/id/eprint/60546/



Retrospect:
RSE (Meta) Research

Newecastle, Sept 03-05, 24

Research Software Engineering Software Engineering Research

Research Software Engineering Research
aims at understanding and improving how software is developed for research.

RSE Research, in short.

[Felderer et al. 2023, 2025]
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