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The European Competence Framework for Quantum Technologies is rapidly
evolving into the basic common language for educational efforts, comparison
of training offerings, mapping of courses and development of educational
modules. It has been compiled within the European Quantum Flagship
coordination and support projects QTEdu and QUCATS. It is central, e.g., in
the European Quantum Readiness Center and will be the starting point for a
European certification scheme to standardise industry training. For version 2.0,
released in April 2023, the framework has been updated and extended, e.g., with
descriptions of the proficiency levels Al to C2. The framework is structured into
eight domains with 42 subdomains, each covering several topics and subtopics.
This report briefly documents the update process and the role of the framework in
quantum technology education.

KEYWORDS
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1 Introduction

As quantum technologies (QT's) are beginning to supply numerous different industries a
greater number of skilled professionals will be needed (McKinsey & Company, 2022). An
increasing number of employees, especially from outside physics, will need to be able to work
with QTs, or at least require a basic understanding of QTs to communicate with people
working in the field. Different groups in Europe (Venegas-Gomez, 2020; Kaur and Venegas-
Gomez, 2022; Greinert et al., 2023) and the United States (Fox et al., 2020; Aiello et al., 2021;
Hasanovic et al.,, 2022; Hughes et al., 2022) have contributed to better understand the
concrete requirements for the future quantum workforce. In Europe, the efforts to develop
the quantum education ecosystem are driven by the Quantum Flagship (Quantum Flagship,
2023), the European Commission’s initiative to boost QT's in Europe. Education and training
are part of the European projects on coordination and support action: QTEdu (Coordination
and Support Action for Quantum Technology Education, 2019-2022) (QTEdu CSA, 2022;
European Commission, 2023) and QUCATS (Coordination and Support Action of the
Quantum Flagship, 2022-2025) (European Commission, 2022b). Both CSAs were set up by
the European Commission to coordinate the projects within the Quantum Flagship.

In order for there to be a transparent, scalable, and comparable definition of any given
job’s competences requirements, a certain degree of standardisation is necessary. The same is
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true for academic study programs or upskilling programs for
industry workforce. Competence frameworks are used in several
fields, such as digital skills (Vuorikari et al., 2022) or sustainability
(Bianchi et al, 2022), to provide a common language for the
competences in the field. They structure the field into different
domains and provide descriptions and examples for different levels
of proficiency. The overall structure can thus be seen as having two
dimensions, with the domains as one dimension and the proficiency
levels as the second dimension.

The
Technologies has been developed in a bottom-up approach,

European Competence Framework for Quantum
collecting input and feedback from the QT community. A short
overview of its evolution through a beta version to version 1.0 has
been published by the European Commission in the Methodology
and Version History (Greinert and Miiller, 2021). Further details of
the iterative study gathering input to the framework and predictions
for the future quantum workforce, with a total of 188 responses, are
published (Greinert et al., 2023). These efforts within the QTEdu
project have resulted in a version 1.0 that was focussed on QT
content.

Version 1.0 of the Competence Framework has been used for
different purposes. Examples are the Qualification Profiles for
Quantum Technologies (Greinert and Miiller, 2022), exemplary
competence profiles that could be achieved through targeted
education programs, and the use in the QTEdu pilot projects
(Faletic et al, 2023). It has also been a basis for the flagship
education projects DigiQ and QTIndu funded within the Digital
Europe program of the European Commission. DigiQ (Digitally
Enhanced European Quantum Technology Master) aims to
establish and expand a set of QT master programs throughout
Europe with modularized and interconnected course offerings
2023a). The QTIndu
Technologies Training for Industry) project aims to develop

(Sherson and Goorney, (Quantum
industry training courses, ranging from small brushup and
introductory modules to full, in-depth courses, for upskilling in
industry (Quantum Flagship, 2023). Throughout these endeavours
the Competence Framework acts as a common language for
these

spearheading projects, wider adoption of the Competence

standardisation and comparability. Beyond initial
Framework in both educational institutions and for employee
hiring and upskilling will be incentivized within the Accord-
programme of the QUCATS virtual institution, the European
Quantum Readiness Center EQRC (Sherson and Goorney, 2023b).

In the Framework version 1.0, the proficiency levels are
characterised only by short descriptive designations for each of
the six levels Al to C2, adopted from language learning (Council of
Europe, 2020). These designations range from Al—Awareness to
C2—Innovation. They were adopted from the Digital Competence
Framework for Educators (DigCompEdu) (Redecker and Punie,
2017). A major improvement in version 2.0 is the addition of
concrete proficiency level descriptions with examples. This allows
the Framework to be used as a specification of a selection of topics
with associated proficiency levels. In this way, the Competence
Framework can be used to compare different courses or
qualifications. This will also be the starting point for the
development of a European certification scheme to make
certificates and training offers comparable.
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Version 2.0 of the European Competence Framework for Quantum
Technologies was released on World Quantum Day, 4/14, 2023 and is
available via doi 10.5281/zenodo.7827254 (Greinert and Miiller, 2023a).

2 Method: updating process

The revision of the framework focused on two aspects: updating
the content based on additional community input, and adding
detailed descriptions and examples of the proficiency levels. In
addition, the overall structure was revised, adding descriptions
and key skills for each of three blocks in order to emphasise ease
of application.

2.1 Structural changes and updating of the
content-focused dimension

The Competence Framework is intended to be an organically
evolving document, updated regularly as the QT ecosystem and the
understanding of the necessary workforce development needs
deepen. Therefore, feedback was sought at several events and as
the input was being processed, the Quantum Flagship and QTEdu
community was invited to two online meetings to discuss proposed
changes to the framework. In addition, several experts and interested
community members were contacted to gather their feedback.
Together with extensive QUCATS internal discussions and
targeted consultations to incorporate feedback and experience
from the past years, this resulted in the updated version of the
content-focused dimension of the framework, i.e., the overview page
and the detailed pages for each of the eight domains of the
framework. The feedback collection and updating process to
version 2.0 includes the following steps (Greinert and Miiller,
2023b).

1. Collection of feedback on version 1.0 immediately after its
release, a few individuals or groups made suggestions for
additions and shifts of topics. They suggested, e.g., giving
more visibility to classical computing and related topics, or
adding a dedicated subdomain on the basics of quantum
sensing.

2. Quick polls in QTEdu working group meetings in March 2022 for
evaluation of impressions and collection of comments, e.g., on
the use of the framework, documented for N = 59 responses in
the document (European Commission, 2022a).

3. Discussion within the QUCATS team and consultation of some
external experts with specific questions, involving about
20 people.

4. Feedback on final draft for version 2.0: Draft sent to selected
contacts and members of the QTEdu community who had
expressed an interest in contributing during the previous
working group meetings; feedback requested from about
50 people, 5 responses received.

5. Two community input meetings in March 2023, invitations sent
via the QTEdu and the Quantum Flagship newsletter to also

outside the QT

17 participants in total discussing the framework update.

engage experts education community;
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Overall structure of the framework: The new page in the framework version 2.0 (left) provides descriptions for the three blocks into which the
framework domains are structured. In addition, key skills are provided. The supply chain at the bottom supports the block relation, from components in
the left block to applications in the right block. The domains in this structure in version 2.0 (right) are visible in this reduced version of the overview page.
While in the framework document also subdomains are listed, here only the anchor points of the subdomains are provided for an impression.

Besides adding topics and changing wording, some structural
changes have been made, the division into three main blocks has
been updated, and descriptions of the three blocks have been added
to clarify which competences are in which block. The overall
narrative of the framework now is reconstructed to reflect the
supply chain and technology stack for QT in order to best
represent industry needs. This encompasses the component
supplier, through e.g., system assembly and selection/consultancy,
to the end-user. To make this even clearer and more useable, some
key skills were added for each block. The structure of this page is
shown in Figure 1, as well as a reduced version of the framework’s
overview page showing the eight domains.

2.2 Descriptions for the proficiency levels

What is competence? What does it mean to be competent? Salman
et al. (2020) provide a review about the concept of competence,
describing competence with knowledge, skills, and self-actualization-
related competence. Other models use knowledge, skills, and attitudes
(KSA), as in the DigComp 2.2 framework (Vuorikari et al., 2022), or
knowledge, skills, and responsibility and autonomy, as in the European
Qualifications Framework (EQF) (European Commission, 2018), to
only name a few.
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Common in these systems is the appearance of knowledge and
skills as two central components of competence. In addition, a third
component appears that is less clearly defined and also less
measurable. While knowledge and skills (the ability to do
something) can be tested, attitudes or responsibilities cannot be
tested easily, if at all. For the QT framework, this led to the decision
to focus the proficiency level descriptions on knowledge and skills.

The starting point for formulating the six proficiency levels
for QTs were the eight levels of the EQF. The EQF levels 5, 6,
7 and 8 are associated with the short, first, second and third cycles
of the Qualifications Framework of the European Higher
Education Area (European Commission, 2018, p. 16). These
cycles are based on the European Credit Transfer and
Accumulation System (ECTS), so they are linked to bachelor
(first cycle, EQF level 6), master or doctoral programs. This is a
common system that is easy to understand and to use in order to
distinguish between different levels. Thus, we also provide a hint
on how to reach each proficiency level, from a few hours to a
long-term work experience in research and development such as
a PhD project. By combining two of each of the first four EQF
levels, the eight levels were reduced to six. For these, the EQF
descriptions for knowledge and skills were adapted to QTs,
leading to the proficiency level Al to C2 descriptions. Figure 2
visualises this linking of the cycles/degrees with the EQF levels

frontiersin.org
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FIGURE 2
Linking of the proficiency levels to the EQF levels and the cycles/
degrees.

and of the EQF levels with the proficiency levels of the QT
framework.

To make the proficiency levels even more user-friendly, a short
version of the description is provided in addition to the long format
with the details on knowledge and skills. In addition, each
proficiency level is illustrated with a concrete example of what
the level means for a specific domain or subdomain.

Overview
8 domains with

42 subdomains
structured in 3 blocks

10.3389/frqst.2023.1225733

3 Results: new version of the
framework

3.1 Structural changes and updated content

The new version 2.0 is available since April 2023, see Greinert
and Miiller (2023a). A reduced version of the overview page with the
eight domains in the three block structure of quantum background,
core device technologies and QT systems and applications is shown
in Figure 1.

In addition, the language of the framework has been clarified
on the “How to use” page: The framework contains 8 domains
(numbered 1, 2, . .. ) with 42 subdomains (numbered 1.1, 1.2, ...).
For each subdomain, topics are provided, in some cases
supplemented by subtopics. As in the old version, the overview
page shows the main structure of the domains and subdomains,
while the topics and subtopics are only visible on the detail pages,
one for each domain. To help clarify these terms, Figure 3 provides
an outline of the overview page and the “How to use” page. It
shows what can be found where and what is meant by which term.

The main changes in the update are:

« The former domain 8, “practical and soft skills,” is replaced by
a new domain on valorisation, covering e.g., industry
landscape, business and management, impact, responsibility
and awareness raising. The former subdomains and topics that

How to use

general information

terminology
How to cite

terminology =

/Q BASIC QUANTUM CONCEPTS

ment

\
[ How tocite g

FIGURE 3

Stationary states,
energy quantisation, <—m
wells

Superposition,

interference

Unitary time evolution,
Schrodinger equation,

tunneling

Probabilistic nature

of quantum physics

Quantum measure-

Measurement dynam-
ics (state reduction)

No-cloning theorem,
incomplete state
information from
measurement

The overview page (left) provides an overview of the domains and subdomains, structured into three larger blocks. On the "How to use the
Competence Framework” page (right), general information and a "how to cite” are provided, as well as a terminology explanation. This explanation also
gives an idea of what the additional detail pages will look like. Each domain has a detail page that shows how the subdomains are extended by topics and

subtopics.
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are no longer covered in domain 8 are either moved to other
domains or dropped out because they represent too generic
and not QT-specific concepts.

« The applications and use cases are included in the specific QT
domains. The three QT domains have dedicated subdomains
on the applications as well as a subdomain on the specific
foundations each.

o Hardware covers all QTs in general, it is no longer just specific
for quantum computers and sensors.

o The domain 2 “physical foundations” is expanded and some
topics have been resorted, e.g., moved here from domain 1 (basic
concepts) or moved to domain 3 (enabling technologies). In
addition, the “practical/experimental skills” (old 8.1) are included
in these (sub)domains, as is also visible in the key skills.

o There are no longer graphical links between the domains;
connections/pathways through the framework become visible
e.g., in the qualification profiles or in mappings of courses,

of the

proficiency levels are provided.

where selections (sub)domains together with

In addition, the division into larger blocks is changed for
domains 3 to 8. While in version 1.0 the “practical and soft
skills” were separated from the QT domains, now the enabling
technologies and techniques and the QT hardware are separated.
Thus, the division is between the supplier part of the QT chain with
components and the device core, and the three QT pillars. The QT
pillars are complemented by the “valorisation,” which focuses on the
complete devices and generating value from them, which is the end-
user perspective.

As previously mentioned, a new page in version
2.0 complements the structure shown in the overview page by
describing the three blocks quantum background, core device
technologies, and QT systems and applications and providing key
skills for each block, see Figure 1. The added key skills are intended
to give a better sense of which skills are in which block, thus
providing a skills-focused complement to the content-focused
domains. These key skills are, for example, for the quantum
background:

e Communicate/explain: ~ Ability  to

phenomena, etc., and to communicate about quantum.

explain  concepts,

e Mathematics: Describe quantum phenomena/concepts and
underlying physics with mathematics and use mathematics
to calculate/compute and predict applications.

e Theoretical physics: Understand or develop new approaches,
identify potential for advances.

e Experiments: Plan and prepare experiments, conduct

experiments and document and evaluate results.

Full details can be found in the entire framework document
(Greinert and Miiller, 2023a).

3.2 Proficiency levels

The updated competence framework contains a new page
dedicated on the proficiency levels. While it starts with the short
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version shown below, it also provides a long format of descriptions.
In the long format, there is a separation between knowledge and
skills for each level. In addition, an example is provided for each level
for a selected framework domain or subdomain.

e Al Awareness (a few hours)
Basic idea, overview of possibilities and limitations, reproduce
solutions, operate a device or run an algorithm.

e A2 Exploration (a few days)
Knowledge of fundamentals or landscape of approaches describe
functionalities, read and interpret an algorithm or a description.

e Bl Adaptation (few weeks course)
Specialised knowledge in a subdomain, awareness of its boundaries,
explain complex functionalities, adapt approaches for concrete
settings.

e B2 Expertise (short research project)
Advanced knowledge,
consequences, adapt or develop solutions for real-world use

critical perspectives, assessment of
cases, identify possible use cases.

e CI Specialisation (longer research project)
Highly  specialised ~ knowledge,  critical

interconnections,

awareness  of
new solutions and methods, combine and
integrate approaches.

e C2 Innovation (long-year experience with Re&+D)
Most advanced knowledge, interconnections, develop innovative
solutions, evaluate and assess, extend and redefine professional

practice.

These proficiency levels are thought to supplement the
(sub-)domains with their topics. Each
subdomain, or even each topic, can be covered in a course or

content-focussed

research work at a particular level. Thus, a person will be qualified
in different (sub-) domains at different levels. The proficiency
levels are therefore necessary for mapping and comparing courses,
job offers or personal qualifications.

As already mentioned, the linking of the proficiency levels with the
degrees Bachelor, Master or PhD, as defined by the European
Qualification Framework, see Figure 2, and the corresponding
descriptions in the framework provide an additional reference for
the assessment of a level. In the long format of the level descriptions
with the separation of knowledge and skills, these specifications
explicitly name the degree. For example, for level B2 it says “e.g,
through a short research project as for a bachelor thesis, internship with
project.” In comparison, the short version above only refers to a “short
research project.” However, the education provided in the degree is
always provided as just one example means to reach the proficiency
level. Other training programs or work and research projects can also
lead to expertise and the attainment of higher proficiency levels.

An example of the use of the proficiency levels is provided with
the qualification profiles (Greinert and Miiller, 2022). The currently
available beta version from January 2022 is based only on the
descriptive designations of the levels from version 1.0. A major
obstacle in compiling these sample profiles was that the people
interviewed did not have a clear and common understanding of the
levels. The added descriptions of the proficiency levels allow for
easier application and clarify such ambiguities in communicating
about the profession at different levels.
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TABLE 1 Changes made between version 1.0 and version 2.0 and the corresponding impact or improvement.

Part in V1.0
1 Concepts of quantum

physics

2 Physical foundations of
quantum technologies

Part in V2.0

1 Concepts and foundations

2 Physical foundations of
quantum technologies

Changes

renamed, 1.2 now includes information theory, old 1.3
(qubit dynamics) incorporated in 1.1

extended, e.g., with topics from 3, now covering
background theory and practical/experimental skills
(old 8.1), also appears in the key skills

Impact/improvement

domain renamed to better fit the topics covered, incl.
basic information theory, as this was considered
important by the experts and was missing in V1.0

Inclusion of topics that were mis-sorted in the old
version, but belong to the physical background, to make
them easier to find. By covering also practical/
experimental skills, the way of (general) proficiency level
descriptions is reflected, always with theoretical
knowledge and practical skills

3 Enabling technologies

4 Hardware for quantum
computers and sensors

3 Enabling technologies and
techniques

4 Quantum hardware

renamed, stronger emphasis on laboratory techniques,
expanded with 3.5 (Computers and software)

generalised

Renamed to make laboratory skills as well as classical
computing visible in the title and easier to find within the
framework. Added computing as considered really
relevant for the QT workforce

No longer limited: Hardware in general now includes
communication hardware, also relevant for the updated
block structure with separation between hardware
components and complete devices and applications

5 Q. computing and
simulation

6 Q. sensors and metrology

7 Q. communication

8 Practical and soft skills

5 Q. computing and
simulation

6 Q. sensors and imaging
systems

7 Q. communication and
networks

8 Valorisation

new subdomains with added or rearranged topics:
basics and applications

see 5, renamed

see 6

skills mainly moved to other domains, new orientation
towards business and other aspects relevant in the
context of QT instruments and their use

clearer structure, for all three QT pillar domains, to
increase comparability and make it easier to find specific
topics

see 5, renamed to better reflect the focused topics and
commonly used language

see 6

better fit the structure of the level descriptions, bring
together theoretical and practical aspects that belong
together, give visibility to the business, efc., aspects
considered really important in the industry

links between domains

block structure

block structure

block descriptions and key
skills

deleted

instead of separating practical and soft skills, the
“components” are now separated from the “use”

added descriptions and key skills

avoid confusion

focus on supply chain to differentiate between
development and end-user perspective for easier
identification of relevant parts

clarify block structure and which skills go into which
block, making it easier to find which skills are in which
part of framework

“how to use” page

prof. level designations

“how to use” page

prof. level designations

clarified terminology, added “how to cite”

other designations for B1 and C1

easier communication and referencing

better match the QT specific level descriptions

proficiency level
descriptions

added level descriptions based on EQF descriptions
incl. comment on how to reach

clarify what is meant by which level to enable easier and
clearer communication and standardisation of
educational activities based on the levels

3.3 Overview of changes and impact

An overview of the changes made during the update of version
1.0 to version 2.0 together with the expected impact or improvement
of the changes is provided in Table I.

4 Discussion: next steps and the role of
responsibility

The updated version will be deployed within the European

QT education community through application in the projects
DigiQ and QTIndu. These are the flagship education programs in

Frontiers in Quantum Science and Technology

Europe, and will act as a fertile testing ground for application of
the framework in Master programs and QT training courses
designed from scratch. In addition, an industry needs analysis is
conducted in mid 2023. Based on the experiences from the use of
the framework and the results of the needs analysis, the
framework will have to be updated. Especially the new key
skills have to be reviewed to actually represent the key skills
that are requested in these blocks. Similarly, the descriptions of
the proficiency levels need to be reviewed: whether they are
phrased in a useful way, or what changes need to be made to
better meet the needs of the users.

For the proficiency levels, it has also to be figured out if the
focus on knowledge and skills is appropriate—or if a third aspect

frontiersin.org
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is missing, and which one. In the EQF, this third component is
called responsibility and autonomy: “In the context of the EQF,
responsibility and autonomy is described as the ability of the
learner to apply knowledge and skills autonomously and with
2018, p. 19) As
discussed in the methods, we decided to focus only on the

responsibility.” (European Commission,
other two aspects of knowledge and skills in the proficiency
level descriptions.

In the framework version 2.0, the aspect of responsibility is
covered in subdomain 8.4 “responsibility and awareness”. Input
from the community around this subdomain was gathered in
prior interviews and the two rounds of QTEdu working group
meetings with stakeholders from academia, industry, and
education. It focused on the need for responsible awareness
raising and public communication, particularly in the current
age of hype and misinformation around other high-technology
fields such as artificial intelligence (Nature Cell Biology
Editorial, 2018). For this reason, the subdomain includes
skills in outreach, public communication, education and
training, as key areas in which stakeholders can make a
concrete difference readiness for
(Goorney et al., 2022).

Other aspects of responsibility in QT include the ethical, legal,

in quantum society

and governance. These topics are at the cutting edge of current
research, as we are still uncovering issues around areas such as
democratisation (Seskir et al., 2023) and patenting (Aboy et al,
2022). Thus, this sub-field may cover a range of possible approaches
to responsibility in QT.

Feedback and experience from the use of the framework in
other projects should also provide insights on how this is
accepted from the users and what changes will be necessary in
the next update.

Within the entire lifetime of the present Quantum Flagship
coordination action (until 2025), the framework will be
deployed and continually updated towards a fully operational
certification scheme. This scheme aims to make training
programs comparable through Europe and enable exchange
and recognition between different institutions and nations. It
will cover a selection of topics from the framework with
associated proficiency levels, learning goals and sample
examination tasks. In addition, best practices and course and
material examples will be identified and communicated through
the project.
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