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Abstract—Advanced data science and AI technologies, such
as Digital Twins, offer new avenues for innovation in ad-
dressing complex scientific problems. However, developing
an effective Virtual Research Environment (VRE) to realize
these innovation potentials is technically challenging. Incor-
porating the emerging technologies into the research lifecy-
cle as a new problem-solving paradigm requires assembling
diverse software and technological components, which are
often not yet fully production-ready. Additionally, successful
implementations are often limited to demonstrator cases that
are difficult to generalize, leading to significant development
risks when creating mature services within a VRE intended
for large scientific communities. While agile practices can
support development by promoting close engagement with
end users throughout the process, their iterative nature does
not inherently guarantee the evolution of a technically sus-
tainable solution, potentially increasing risks in project delay
or even failure. This paper introduces a Virtual Lab Maturity
Framework designed to facilitate the co-development process
between end users and development teams, ensuring a more
coordinated and sustainable approach to building effective
VREs.

Keywords–Digital Twin, Virtual Research Environment, Virtual
labs and Research Infrastructure

1. INTRODUCTION

Emerging computing and data science technologies, such as
digital twins and foundational AI models, frequently attract
early adopters who test these innovations and explore new
paradigms for studying scientific problems. A majority of the
scientific communities, often experience technical barriers in
integrating these innovations in their research practice. Facil-
itating the use of new data science technologies through re-
search infrastructure services and supportive environments can
lower these technical barriers, allowing a larger community to
conduct research on remote and distributed platforms. This
includes automating scientific workflows, integrating diverse
data types, managing research data, and fostering collaboration

with partners. During the past decades, research infrastructures
have been developed for communities in specific domains,
such as those in the earth, environmental and life sciences, e.g.,
LifeWatch1, eLTER2, Euro-Argo3, ICOS4, and EPOS5. Those
infrastructures provide research assets, e.g., research data, soft-
ware tools, and infrastructure capacities, via various services
like catalogues, data repositories, workflow automation, and
user support.
A Virtual Research Environment (VRE)[2] aims to integrate
all essential tools required by researchers for working in a
digital environment and to provide a user-centered, customiz-
able platform for conducting data-intensive, computing, and
AI-driven activities over remote infrastructures. VREs are
increasingly recognized as key components of modern research
infrastructures. They are sometimes referred to by different
names; for example, in the United States, the term “Science
Gateway” [1] is commonly used.
A successful Virtual Research Environment (VRE) often re-
sults from years of experience and lessons learned from
various case studies. However, developing a VRE to support
emerging technologies like Digital Twins and AI workflows is
often challenging.
For instance, enabling researchers to incorporate Digital Twins
into their work requires making extensive research assets
—such as data, models, and software— available through the
VRE. This process can be time-consuming and labor-intensive.
Additionally, advanced VRE features, such as integrating soft-
ware components like physical system models, data processing
pipelines, and visualization tools for Digital Twin outputs,
are typically specific to particular applications. Gathering
requirements and implementing these features as functional
components necessitates multidisciplinary team collaboration.
Dedicated support for a single small-scale Digital Twin may
fulfill needs of a specific use case but does rarely lead to

1https://www.lifewatch.eu/
2https://elter-ri.eu/
3https://www.euro-argo.eu/
4https://www.icos-cp.eu/
5https://www.epos-eu.org/
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software that is maintainable and stable enough to serve
as general and portable infrastructure services. Incrementally
developing VRE features with continuous input from end-
users—an approach often recognized as essential—can im-
prove outcomes. However, traditional agile practices do not
always result in sustainable, scalable solutions suitable for a
large user community.
In this paper, we aim to address these challenges by proposing
how a reference model and a quality assessment framework
can facilitate co-development among various stakeholders in
advanced VREs. The rest of the paper is organized as follows.
First, we will discuss the background and related work regard-
ing VRE development. Next, we will introduce the proposed
reference model and quality framework, which guide the co-
development approach. Finally, we will illustrate how this
approach is applied using Digital Twin as an example within
the ongoing Dutch project, LTER-LIFE6.

2. RELATED WORK

When describing support systems for research activities, terms
such as Research Infrastructure, Virtual Research Environ-
ments (VREs), and Virtual Labs are often used interchangeably
in various contexts. Based on [6] and [13], we distinguish these
concepts as follows: Virtual Research Environment is often
operated as a software platform in a Research infrastructure
as a service. Via this Platform service, users can create a
customized Virtual Lab to conduct research for a specific
scientific purpose. Services on Research infrastructures often
require capacity from e-Infrastructure to deploy and operate.
In this section, we will review the state of the art regarding
the development of virtual research environments that support
emerging technologies in scientific research.

2.1 Jupyter notebooks in VRE

One of the key challenges in developing Virtual Research
Environments (VREs) is ensuring a high-quality user expe-
rience during research activities. Researchers typically prefer
client software that aligns with their daily workflows and the
common practices within their community. For example, data
scientists across various domains frequently use Jupyter Note-
books and Python, while the ecological modeling community
often relies on RStudio and R.
Computational notebook-based environments, such as Jupyter
Notebooks and R Markdown, combine narrative explanations
with code fragments, providing an interactive interface for
experimentation. These environments have become essential
tools for many researchers’ daily work. However, native
notebook environments primarily support individual users and
often depend on external tools to manage the full research life-
cycle—such as search engines for discovering data, software,
and notebooks from remote sources; workflow engines or
orchestrators to run notebooks on remote infrastructure when
local resources are insufficient; and version control systems
like Git or social media platforms for collaboration and sharing
results.

6https://lter-life.nl/

There are various approaches to supplement these notebook
environments with additional features. One method is integrat-
ing environments like Jupyter into existing VRE platforms; for
instance, the D4Science VRE provides a customized Jupyter
Hub for its users. Another approach is extending Jupyter with
missing functionalities—such as discovery, cloud automation,
and workflow composition—using extensions; an example of
this is the NaaVRE system [13]. As the needs of scientific
users evolve—such as handling new data types or manag-
ing workflows for novel experimental scenarios—developing
effective research support systems will require collaborative
design and development efforts between domain researchers
and research software engineers.

2.2 Research software

Virtual Research Environments (VREs) are essential software
tools designed to support scientific research. These are of-
ten referred to as research software. Over the past decades,
the significance of research software has been increasingly
recognized by the research community within the context of
open science. Broadly, all software involved in the research
lifecycle—including tools that facilitate research activities and
software produced by researchers—can be considered research
software. However, in a more specific sense, research software
refers to software developed explicitly for research purposes,
requiring domain-specific knowledge to develop and use.
Research software are often classified into three tiers based on
their prevalence and reach7:

1) Analysis code (tier one): Created by scientists during
their research to support specific activities such as data
generation, transformation, or visualization. For example,
notebooks developed by researchers using Python or R are
considered analysis code.

2) Tool prototypes (tier two): Developed to explore new
ideas or standardize processes, such as tools for retrieving
data from specific repositories or transforming data for-
mats.

3) Software infrastructures (tier three): Designed to sup-
port a broader user base in conducting research based
on well-established or widely adopted concepts. These
infrastructures are sometimes developed by professional
software engineers. Virtual Research Environments (VREs)
can be viewed as research software infrastructures.
Through VREs, users—such as researchers can create cus-
tomized instances (often called Virtual Labs) to facilitate
domain-specific research.

The development of research software is deeply integrated
into the research lifecycle. Modern software engineering prac-
tices—such as software-oriented engineering, Agile method-
ologies, and DevOps—are often employed in research software
development to improve quality, collaboration, and deploy-
ment.

7https://everse.software/RSQKit/three tier view
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2.3 Software service engineering: agile and DevOps
Over the past decades, we have witnessed a revolutionary
shift driven by services in software engineering—not only
in modeling software architecture and integrating complex
applications, but also in the online delivery of business value
enabled by digitalization.
Large software systems are often composed of multiple com-
ponents spread across distributed locations on the internet.
These components are modeled as services and interconnected
through standardized protocols, such as Remote Procedure
Call (RPC) over HTTP, and data formats like XML or JSON,
which allow for storing and exchanging data efficiently be-
tween systems, especially in web services and APIs. These
services are typically deployed on cloud infrastructures to
ensure high runtime quality, utilizing enhancements like load
balancers and auto-scaling features. Maintaining the continu-
ous operation of high-quality services is critical for delivering
the intended business value. Achieving this requires DevOps
practices, which facilitate continuous monitoring, runtime
adaptation, and frequent updates of service implementations
to meet evolving requirements and introduce new features.
In research software engineering, DevOps practices are com-
monly adopted for Tier 2 and Tier 3 software, as dis-
cussed earlier. The testing, integration, and deployment of
Virtual Research Environment (VRE) platforms are automated
through CI/CD (Continuous Integration/Continuous Deploy-
ment) pipelines, triggered whenever source code changes
occur. Docker containers are used to encapsulate software
services, enabling deployment across distributed infrastruc-
tures. DevOps fosters closer collaboration between devel-
opment and operations teams, with development activities
often managed using Agile practices—resulting in shorter,
incremental delivery cycles compared to traditional waterfall
models[12]. Industry-developed practices such as LEAN[5]
optimization—aimed at minimizing waste—and IT Service
Management—focused on enhancing the sustainability of IT
assets—are integrated into DevOps workflows. As a result,
DevOps practices encompass a collection of methods designed
to optimize the entire development and operational lifecycle.

Business value 
of services

Software 
implementation 
of services

Agile (incremental, iterative development)

Continuous (testing, integration, 
deployment and operation)

Cost optimization (LEAN)

Continuous improvement 
(IT Service management)

Dev Ops

Figure 1. Software services, DevOps and Agile.

The development lifecycle of VRE is often closely related to
research activities, where research activities, software proto-
type, development, and service operations often follow prac-
tices in their lifecycles. The lifecycle research software across

those different cycles.

2.4 Reference model and reference architecture

The development of Virtual Research Environments (VREs)
involves multiple stakeholders, including domain researchers,
modellers, research software engineers, training and support
staff, and infrastructure specialists. Effective communication
among these groups, particularly for requirement gathering
and planning, can be challenging due to the lack of shared
vocabulary. Establishing a common set of vocabularies and
clearly defining the relationships among them is therefore
essential. Approaches based on multiple viewpoints, such as
Open Distributed Processing (ODP) [7], have been adopted in
various projects, including ENVRI and ENVRIplus, to identify
the key concepts needed to model the system effectively.
A reference architecture provides a standardized pattern outlin-
ing the core functional components of a system. For example,
the Integrated Enhanced Virtual Research Environment (E-
VRE) [9] serves as a reference architecture for classical
data science, primarily supporting data discovery, processing,
and workflow management. The primary goal of E-VRE is
to offer an interoperability layer that facilitates workflows
across various data infrastructures through semantic mapping,
customizable authentication and authorization mechanisms,
and a service-oriented architecture. However, this architecture
lacks advanced description logic and integration capabilities
for simulations, machine learning, and user interactions, which
are essential components of Digital Twin applications.

2.5 Research Softwaer quality

Software quality is often evaluated using a quality model,
which typically consists of a set of quality characteristics.
Each characteristic can be further mapped onto one or more
observable metrics or indicators. To manage the complexity
of these characteristics, they are often decomposed into sub-
characteristics or grouped into broader quality dimensions. For
example, the ISO/IEC 25010 [11] standard defines nine qual-
ity characteristics, such as functional suitability, performance
efficiency, compatibility, and safety. The research software
community, including initiatives like EOSC and FAIR4RS,
has developed customized software quality models for re-
search software. In the EU EVERSE project8, these existing
models have been further harmonized into RSQKit (Research
Software Quality Kit) [3], which proposes eleven quality
dimensions—derived from the ISO standards [11] plus two
additional dimensions: FAIRness and Sustainability, as shown
in Fig.2.
Apart from quality characteristics, software quality can also
be assessed based on its readiness level for operation. For ex-
ample, the Technology Readiness Level (TRL) 9 is frequently
used to evaluate project outputs, such as research software or
Virtual Research Environments (VREs). Other models include
the FAIRness maturity model [10], which assesses the level

8https://everse.software/
9https://euraxess.ec.europa.eu/career-development/researchers/manual-

scientific-entrepreneurship/major-steps/trl
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Elaborated by

Figure 2. Research software quality dimensions recommended
by the EVERSE RSQKit.

of FAIRness, and Digital Twin (DT) maturity models, which
evaluate the development stage of digital twins [8].

2.6 Challenges and gap analysis
From the related work, we can draw the following conclusions:
1) Computational notebooks are widely used in data science

and AI, and have been integrated into Virtual Research En-
vironments (VREs) in various ways. However, supporting
emerging technologies such as Digital Twins requires addi-
tional development and extensions to these environments.

2) VREs are typically operated as platforms enabling end
users to set up domain-specific virtual labs for research
activities. Nonetheless, a high technical readiness level of
individual components within a VRE or virtual lab does
not necessarily guarantee the maturity or robustness of
the workflows or applications constructed on top of these
components.

3) The ongoing demand for new features and the integration
of cutting-edge technologies or research paradigms make
VRE development inherently risky. This challenge lies in
balancing the suitability and flexibility of virtual labs with
the stability and maintainability of the underlying VRE
infrastructure.

4) Data-centric scientific experiments often require substantial
infrastructure capacity, especially when processing large
datasets or running high-resolution models. If the underly-
ing software is poorly tested or of low quality, this can lead
to underutilized infrastructure and increased difficulties in
debugging errors.

To bridge those gaps, we will present our proposed refer-
ence model guided quality maturity level based incremental
approach for developing the advanced Virtual Research Envi-
ronment.

3. A REFERENCE MODEL GUIDED MATURITY LEVEL BASED
INCREMENTAL APPROACH

As a type of Tier 3 research software, a Virtual Research
Environment (VRE) is typically developed using service-

Proto-
type Dev OpsResearch

Tier 1 research software Tier 2 or 3 research software Quality control

PublishingCommunity feedbackNew research software

Referencemodel guided use case driven development

Maturity level-based Incremental service delivery.

Infra.

Scaling out

Support

Figure 3. VRE as a research software in the lifecycle of
research, software prototype and service DevOps.

oriented modeling, cloud computing, and DevOps practices.
The development of a VRE often involves a combination of
research activities, research software prototyping, and contin-
uous integration and deployment processes, as illustrated in
Fig. 3.

3.1 Reference model guided incremental development

The usefulness of a Virtual Research Environment (VRE) is
crucial to its overall success; the features it offers must address
the specific pain points faced by end users, such as scientists.
Well-defined use cases can help the development team focus
on key user stories and identify which features should be
prioritized during implementation. To support this, developing
a shared vocabulary for describing the various services within
the VRE is essential. Incorporating new technologies, such
as Digital Twins, for domain researchers requires additional
efforts—such as conducting technology surveys and forming
expert groups—to define relevant terms and concepts within
the specific scientific context.

Reference 
architecture

Expert 
groups

UC
1

UC
2

UC
3

Reference 
model

User 
story

require
ment

Design

Tech 
review

Proto-
typ

Validat
ion

Use Sci. V

Comp V

Eng. V

Info V.

Tech V.

Prioritized
list

Steering committee

Figure 4. Reference model enhanced research software lifecycle

To guide the incremental co-development of the VRE, several
key challenges must be addressed:
1) How to effectively facilitate communication among the

diverse stakeholders involved in VRE development.
2) How to select use cases and user stories to prioritize

features for development.
3) How to steer the evolution of the system so that incremen-

tal features converge into a final, robust, and maintainable
solution.

Fig. 4 illustrates a reference-guided co-development approach
for VRE development. A multi-viewpoint-based reference
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L0
• The initial

proposal of a 
VL, with conceptual
definition but no 
technical setup

L1
• A provisioned VL 

is ready for the
development team 
to implement
the VL 
functionality, 
e.g., new 
compoents, 
workflows, or 
experiments. 

L2
• A provisioned VL 

with developed
components. It is 
ready to run 
scientific
experiments to
validate the VL 
and write
scientific
publications. 

L3
• A provisioned VL 

with validated
components and
scientific stories. It is 
ready to engage
more users through
training and hakton
events under
controlled
conditions. 

L4
• A provisioned

VL on operational
infrastructure. It 
is ready to be
operational for
serving users 
from general
public.  

L0 L1 L2 L3 L4

Figure 5. The basic definition of the Virtual Lab maturity levels.

model provides an ontological framework that enables differ-
ent stakeholders—such as domain researchers and DT experts
(science viewpoint), data scientists (information viewpoint),
modellers (computational viewpoint), research software en-
gineers (engineering viewpoint), and infrastructure specialists
(technology viewpoint)—to collaborate effectively. A steering
committee is responsible for selecting science cases and guid-
ing activities like requirement analysis, user story formulation,
and analysis.
Selected science cases are developed within Virtual Labs
following Agile practices. Multiple Agile teams can work
concurrently on a use case, with experts periodically reviewing
progress to assess architectural patterns and choices. These
assessments help document and establish the reference archi-
tecture of the Virtual Research Environment.
The development progress of the Virtual Labs will be evaluated
based on their maturity in supporting research activities.

3.2 Virtual Lab Maturity model

The maturity level of a Virtual Lab is assessed based on
key milestones in the scientific research lifecycle, such as
formulating the research plan, preparing research software and
workflows, conducting full-scale experiments to test hypothe-
ses, training the community, and disseminating research results
to a broad audience. A quality framework is proposed to model
the Virtual Lab’s maturity across five levels, as illustrated in
Fig. 5.
1) A Level 0 Virtual Lab (L0 VL) refers to the conceptual de-

sign phase of a virtual lab, where a potential Lab Principal
Investigator proposes a science case based on a research
question which will require advanced data science or AI
technologies provided by the virtual research environment,
e.g., for a digital twin. A L0 VL does not yet have a
concrete instance deployed on the VRE. Based on the
availability of the data, software, development cost, and
the scientific potential, a prioritized L0 VL will be selected
to create

2) A Level 1 Virtual Lab (L1 VL) on a Virtual Research
Environment. The VRE will make all the required services
available by the L1 VL and create a customized view
for the users of the L1 VL to develop new workflows
or tools needed for the scientific applications. A L1 VL
development team will be established to implement the
missing components, preferably following Agile practices.

This Agile team will have a close connection with the VRE
supporting team to request special technical support. The
aim of the L1 VL is to develop and test research software;
thus the full-scale data is not always needed in the L1 VL.
When all the software and components have been tested
and integrated, it will trigger the creation of

3) A Level 2 Virtual Lab (L2 VL) for running experiments
with full scale of data and models to tackle the research
problem. An L2 VL often requires extra computing and
storage resources to load full data sets or run heavy com-
putations. The L2 VL aims to obtain high-quality scientific
results for peer-reviewed publications, together with the
involved data sets, research software, and workflows.

4) A Level 3 Virtual Lab (L3 VL), based on the results
of a successful L2 VL, will be deployed for tutorial or
hackathon purposes. An L3 VL is customized for a specific
training purpose and user groups to test computing work-
flows, replicate the scientific results, or collect feedback
for further development. Multiple L3 VLs can be created
for a specific L2 VL.

5) A Level 4 Virtual Lab (L4 VL) will be created when the
content of a L3 VL becomes well tested and with good
acceptance from the user community. The L4 VL aims to
turn the Virtual Lab as a service that can be deployed in an
operational research infrastructure to serve a broader user
community.

3.3 Stakeholders in Virtual Lab co-development

Various stakeholders are involved in the co-development pro-
cesses of Virtual Labs and the underlying Virtual Research
Environment. Their roles can be categorized into the following
four groups:

1) Domain researchers who utilize Virtual Labs to conduct
scientific experiments based on specific hypotheses, such
as ecologists involved in the LTER-LIFE project. Typically,
domain researchers propose the initial L0 VLs and serve
as scientific coordinators for the L1 VLs, as well as end
users of the L2 VLs. Researchers with high scientific
potential—referred to as golden users—receive prioritized
support to develop both L1 and L2 VLs. For the L3
VL stage, other domain researchers, such as early-career
scientists—often called silver users—are invited to use
the virtual labs. Ivory users, or public users, are engaged
primarily in operating the L4 VLs as part of the operational
infrastructure.

2) Public users can be citizen scientists, students, and any
users interested in using the VRE or the Virtual Labs
provided by the domain researchers.

3) Modelers who develop the models required to address
the scientific questions, using mechanistic, statistical, or
machine learning approaches.

4) Research Software Engineers specializing in Virtual Labs
develop the software components needed to integrate ad-
vanced technologies, such as AI workflows, models within
digital twins, and visualization tools.
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Figure 6. The evolution of different maturity levels of Virtual Labs.

5) Training and support staff responsible for organizing
training activities and transferring knowledge to the user
community.

6) Infrastructure operation support staff who provision the
computing and storage resources required for different ma-
turity levels of Virtual Labs, tailored to specific activities
such as training or full-scale experiments.

Leveraging the maturity framework, a new role called the
Virtual Lab Coordinator can be introduced to act as an in-
termediary between the VRE development team and potential
domain researchers, facilitating communication and aligning
development efforts with scientific needs.

3.4 The evolution of virtual lab maturity levels

Virtual labs do not always progress sequentially through the
different maturity levels. For example, an L1 VL might focus
on data product processing and serve as a building block for
creating subsequent L2 VLs, but it does not necessarily need
to produce a scientific paper to advance. Additionally, a new
L0 or L1 lab can be established based on an existing virtual
lab, regardless of its current maturity level. For instance, a
researcher may be inspired by prior work and propose a dif-
ferent research idea. However, for an L2 virtual lab, all relevant
assets—such as data, software, models, and workflows—must
be made available together, especially if the resulting research
is intended for open science publication.
Fig. 6 depicts the basic maturity level and their involved
stakeholders.
The development teams of the Virtual Labs will be supported
by the maturity management framework and will collect
feature requests for the Virtual Research Environment (VRE)
team. The maturity management framework manages the life-
cycle of virtual labs, assesses the maturity levels of the labs,
and stores the metadata of different virtual labs, including new
features that virtual lab teams request the VRE to provide.
Figure 6 illustrates the potential collaboration among these
teams.

4. CASE STUDY

LTER-LIFE is a project funded by the Dutch Research Coun-
cil, aimed at developing a digital twin (DT)-oriented Virtual
Research Environment for the ecological research community.
The operational VRE platform and Virtual Labs will be
deployed on national e-infrastructures such as SurfSara10 and
the European Infrastructure LifeWatch. NaaVRE11 is utilized
as the core technology for the DT VRE.
In LTER-LIFE, a reference model is established at the outset
of the project, based on the ENVRI reference model [4].
This model reviews Digital Twin-related concepts through
recent literature and community interviews. It serves as a
basis for collecting user stories from scientific communities.
The maturity framework guides the coordination between VRE
developers and Virtual Lab teams, helping to allocate devel-
opment and infrastructure resources effectively. For example,
infrastructure capacity will be allocated to L2 Virtual Labs
only when their software is ready for large-scale experiments.
Additionally, targeted training activities can be organized more
efficiently when specific VLs are required. The project is
ongoing, and many actions remain on the agenda:
1) A management software is under development to automate

the assessment and administration of Virtual Labs across
different maturity levels;

2) Tools for (semi)automating metadata generation for virtual
labs, as well as facilitating the enhancement of Findability,
Accessibility, Interoperability, and Reusability (FAIR) of
the virtual lab and its components—including data, models,
and digital twins—will be essential in reducing the manual
effort required from scientists;

3) Aligning the maturity framework with other existing qual-
ity models related to research assets—such as the data
FAIRness maturity model, digital twin maturity frame-
work, and research software quality model—is also an
important area of focus.

5. SUMMARY

The maturity framework was originally proposed for Digi-
tal Twin-oriented Virtual Research Environments and Virtual
Labs. However, the concepts of maturity levels can be general-
ized for other non-DT cases. As an emerging problem-solving
approach in scientific domains such as ecosystems, digital
twins are still in their infancy regarding adoption by domain re-
searchers for addressing real scientific challenges. Developing
the maturity management framework faces challenges related
to integrating automated testing, ensuring quality control of
research software, and promoting the FAIR principles for
digital assets.
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