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Abstract: Measurement uncertainty is essential for assessing, stating and improving the reliability of measurements. An understanding of
measurement uncertainty is the basis for confidence in measurements and is required by many communities, including national metrology
institutes, accreditation bodies, calibration and testing laboratories, and legal metrology, universities and different metrology fields. An
important cornerstone to convey an understanding of measurement uncertainty is to provide training.
This article identifies the status and needs for training on measurement uncertainty in each of the above communities and among those who
teach uncertainty. It is the first study to do so across many different disciplines, and it merges many different sources of information with a
focus on Europe. As a result, awareness of the training needs of different communities is raised and teachers of uncertainty are supported in
addressing their audiences’ needs as well as in improving their uncertainty-specific pedagogical and technology-related knowledge.
The three needs that are most commonly encountered in the communities requiring an understanding of measurement uncertainty, are 1) to
address a general lack of training on measurement uncertainty, 2) to gain a better overview of existing training on measurement uncertainty in
several communities, and 3) to deliver more training on specific technical topics, including the use of a Monte Carlo method for propagating
probability distributions and treating multivariate measurands and measurement models. These needs will serve to guide future developments
in uncertainty training and will, ultimately, contribute to increasing the understanding of uncertainty.
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1. INTRODUCTION TO MEASUREMENT UNCERTAINTY

Measurement uncertainty is essential for assessing, stating
and improving the reliability of measurements. It is the ba-
sis for ensuring that measurement results are metrologically
traceable to the SI [1], [2] and thus crucial for metrology for
the European Grand Challenges in health, environment and
energy [3], [4], as well as for quality infrastructure [5], indus-
try [6], [7], trade, regulations [8],[9], etc.

Guidance on the evaluation of measurement uncertainty is
available in the suite of documents of the GUM (the Guide
to the expression of Uncertainty in Measurement [10], [11],
[12], [13], [14], [15]). This guide is published on behalf of
the international organizations BIPM, IEC, IFCC, ILAC, ISO,
IUPAC, IUPAP and OIML, is applicable to a broad spectrum
of measurement problems (see Section 2.G and e.g. [10, sec.
1.1] [14, sec. 1]) and is based on sound principles of prob-
ability and statistics [16]. Furthermore, the GUM is adopted
by national metrology institutes (see Section 1.B), it is widely
accepted [16, sec. 2.1.1] and is required in accreditation [17],
[9], for the statement of uncertainties on calibration certifi-
cates [18], [19] and of calibration and measurement capabil-
ities [2]. The GUM is recommended when assessing confor-

mity with tolerances [20] and is the basis for guidelines, stan-
dards and policy documents in many application areas [18],
[19], [21], [22], [23].

An understanding of measurement uncertainty from the
highest scientific level down to the end user [10, sec. 1.1]
is the basis for confidence in measurements. The need for
a better understanding has been repeatedly expressed, e.g. in
a survey [24] and during a research project [25]. The com-
munities with such a need are multifarious, as uncertainty
is associated with diverse measurements. The remainder of
this section lists the key communities that have requirements
for understanding and evaluating measurement uncertainty
(Section 1.A), indicates different ways to provide that under-
standing (Section 1.B), and describes the overall aims of the
present study to support that provision from the perspective
of training (Section 1.C).

A. Communities requiring an understanding of uncertainty

To structure the discussion on the communities that re-
quire to understand measurement uncertainty, the article fol-
lows the metrological traceability hierarchy and focuses on
the key organizations of (national) metrology systems. These
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are 1) national metrology institutes, designated institutes and
other signatories of the CIPM MRA [8], 2) accreditation bod-
ies and technical assessors, 3) calibration laboratories, 4)
testing laboratories, and 5) legal metrology authorities and
their organizations. In addition, 6) students, lecturers and
researchers at universities, 7) different metrology commu-
nities as represented by EURAMET’s European Metrology
Networks (EMNs) and Technical Committees (TCs), and fi-
nally 8) the teachers of measurement uncertainty themselves
require an understanding of measurement uncertainty.

Other communities may have related or different re-
quirements for understanding uncertainty. For example,
schoolteachers and students [26], [27], standardization bod-
ies, industrial companies (e.g., manufacturers interested in
stating product specifications or confirming test equipment
suitability), needs arising from digital transformation [28]
and other fields new to metrology, and finally society in gen-
eral have requirements for understanding uncertainty at some
level. However, these requirements are not explicitly covered
in this article.

B. Support for understanding uncertainty

In addition to guidance documents such as the GUM, there
are other ways to increase or support understanding of the
concepts, evaluation, usage and reporting of measurement un-
certainty. These possibilities include research, examples and
software, as well as training.

Methods for evaluating uncertainty are an active area of re-
search, and both those covered by the GUM documents and
those not covered are continually being investigated and de-
veloped (c.f. [29] and Section 3.I). Research on applications
[29] and on the didactics (see Section 2.H) of uncertainty is
also increasing the understanding of it at the highest level.
Altogether, more than 3 500 publications in the last 10 years
contained the keyword ‘measurement uncertainty’ in their ti-
tle (according to Google Scholar search).

Worked out examples can illustrate the evaluation and re-
porting of measurement uncertainty, thus enhancing practi-
tioners’ understanding or demonstrating good practice. Many
examples can be found in the GUM documents [10], [11],
[12], [15] and in a future dedicated document [30], as well as
in many derived guidelines, standards, trainings [31] and in
a compendium [7]. However, the principles underlying these
examples need to be understood to properly adapt them to
measurement models or conditions other than those specified.

A multitude of diverse software [32] exists to calculate un-
certainty according to the GUM [33]. This software ranges
from user-friendly web applications or GUIs to comprehen-
sive collections of libraries, it implements methods of one or
several of the GUM documents, represents a broad scope soft-
ware or a very tailored one. Some software provides evidence
of its validation (c.f. [34]). Generally, dedicated software can
simplify or even partially automate the evaluation of uncer-
tainty. Its users, however, still require an understanding of the
principles.

An important cornerstone to increase the understanding of

measurement uncertainty is to provide training courses to rel-
evant communities. The next section describes how this arti-
cle will contribute to improving training and thus the under-
standing of uncertainty.

C. Training on uncertainty – content and aim of this article

This work will identify training needs in communities that
require an understanding of uncertainty. For this purpose,
Section 2 describes the requirements for understanding un-
certainty and the current provision of training for each identi-
fied community. It also includes an overview of the resources
available for uncertainty training. Section 3 then identifies
gaps in current training on uncertainty and lists training needs
for each community as well as overall needs that may arise
due to new developments in metrology. Finally, Section 4
summarizes and identifies the needs most common to all com-
munities and gives recommendations for future developments
in uncertainty training.

The aim of this work is to raise the awareness of trainees
from each of the communities that require an understanding
of uncertainty, to highlight their training needs and identify
common ones across the communities. These aspects will
help teachers of uncertainty to better know their audiences
and to better address their needs. The listed resources for un-
certainty training will also support teachers. The combination
of increased awareness, identified needs, listed resources and
recommendations may serve to guide future developments by
uncertainty training providers. Ultimately, this work will con-
tribute to increasing the understanding of uncertainty.

Information focuses on measurement uncertainty training
offered in Europe. It is based on surveys, interviews and a
workshop (see Appendix A to C) conducted as part of the
project Measurement Uncertainty (MU) Training (an activ-
ity of the European Metrology Network for Mathematics and
Statistics, see [35]). Information is also based on letters from
and meetings with stakeholders of this project as well as on
protocol statements from project partners (see Appendix D,
the stakeholder letters are labelled [SLn] and the protocol
statements [PS]). In addition, information from several Eu-
ropean Metrology Networks will be used (see Appendix E) to
describe high-level needs in different metrology fields. Re-
search will also give insights into uncertainty training.

This article is the first to describe training on measurement
uncertainty in many different disciplines. The study merges
many different sources of information, but the authors do not
claim to fully cover all the needs of all audiences. Inevitably,
the study is limited by the sources of information used to de-
scribe the state of the art and the needs in uncertainty train-
ing. Although the completeness and quality of each of the
sources varies, the authors think that the set as a whole pro-
vides the reader with a good overview. Reference is made to
the publicly available sources. Those sources that cannot be
published are described in the appendix to transparently link
the information with the conclusions drawn from it.

The authors also hope to stimulate discussion in the com-
munities not covered here.
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2. STATE OF THE ART OF TRAINING ON MEASUREMENT
UNCERTAINTY IN EUROPE

Training is usually based on the GUM or derived documents,
often illustrated by examples and supported by software (c.f.
[34], [36], [31]).

This section will provide a more detailed overview of the
state of the art in uncertainty training, considering each of the
8 communities listed in Section 1.A separately. Each subsec-
tion starts with the community’s requirement for evaluating
and understanding uncertainty, which itself can be very het-
erogeneous.
A. NMIs, DIs and other signatories of the CIPM MRA

The 252 institutes participating in the CIPM MRA, i.e. 97
national metrology institutes (NMIs), 151 designated insti-
tutes (DIs) and 4 international organizations [37], [38], mutu-
ally recognize their calibration and measurement capabilities,
which are expressed in terms of measurement uncertainty [8,
paragr. T2, T7], [2] and should comply with the GUM (see
[39, Note 4], also [20, Note 3 in 7.6]). These institutes there-
fore require a deep understanding of uncertainty for research,
for participation in key comparisons and for the dissemination
of traceability. Some larger NMIs employ teams of math-
ematicians and statisticians who expand, apply, and teach
methods to evaluate uncertainty (c.f. [29, authors]). How-
ever, the management and possibly even the administration of
institutes participating in the CIPM MRA also require some
understanding of uncertainty.

In Europe, at least the national metrology institutes in
Spain (CEM), Poland (GUM), Italy (INRiM), Portugal (IPQ),
France (LNE), Switzerland (METAS), the UK (NPL), Ire-
land (NSAI), Germany (PTB), Sweden (RISE) and Belgium
(SMD), as well as the European Commission’s Joint Research
Centre (JRC) each teach courses on or including measure-
ment uncertainty. A recent survey (see Appendix A and [36],
[34]) provides an overview of these 34 courses, 15 of which
are aimed at audiences that include NMI staff (with the re-
mainder aimed at calibration and testing laboratories, legal
metrology staff, and academia). Of these 15 courses1, 9 are
dedicated to measurement uncertainty, 5 to metrology and
one to calibration. Table 1 gives the number of these uncer-
tainty courses, which teach different technical content. Of
these 15 courses, 13 use one or more examples and 10 use
software in class. 7 courses are available online, most of them
in pre-recorded form. 12 of the courses offer some form of
certification.

In addition to this range of uncertainty courses offered by
and for single NMIs, EURAMET e.V. and the BIPM pro-
mote knowledge transfer in general. The respective websites
[40], [41] offer some training materials and courses that also
deal with measurement uncertainty (see Section 2.G). The
dedicated activity MU Training of the European Metrology
Network for Mathematics and Statistics provides support for
teachers of uncertainty and training material such as videos
explaining uncertainty aspects and overviews surveying un-
certainty courses, software and examples (see [35] and Sec-
tion 2.H).

1 Courses are counted twice if they fulfill several of the listed characteristics.

B. Accreditation bodies and technical assessors

The 109 accreditation bodies that have signed the ILAC
MRA [42] assess and recognize the competence of confor-
mity assessment bodies (i.e., laboratories, inspection bodies,
proficiency testing providers, reference material producers,
and biobanks) [43]. As a result, trust in accredited services
is being built worldwide [44] and accreditation is one (core)
dimension of quality infrastructure [5], [45].

Accreditation bodies shall have the competence to assess
conformity assessment bodies (c.f. [43, sec. 1.2-3], [46]),
which includes assessing that these bodies competently evalu-
ate uncertainties in calibration, when relevant in testing [20],
in medical laboratories [47, sec. 7.3.4], in inspections [48,
sec. 6.2.7-9], in proficiency testing [49, sec. 4.4.5], in the pro-
duction of reference materials [50, sec. 7.13] and in the op-
eration of biobanks [51, sec. 6.5]. To do so, the accreditation
bodies define, evaluate and monitor competence criteria and
have a procedure for training assessors [46, sec. 6.1]. In par-
ticular, they shall identify training needs and provide access
to specific training. Some larger accreditation bodies (e.g.,
UKAS, ACCREDIA, and ANAB) themselves offer training
and sometimes guidance (e.g., [22], [52]) on the evaluation of
uncertainty for testing and calibration laboratories.

In the course survey [36], only one online-course [53]
specifically lists ‘auditors who need to implement and assess
the estimation of measurement uncertainties [...] of reference
materials’ among its audiences. Another course is offered by
the UK accreditation body (UKAS), which also states that
‘Measurement uncertainty is a key concern in all accredited
calibration and testing, consequently the availability of spe-
cialist training is vitally important’ [SL16]. The Italian ac-
creditation body (ACCREDIA) provides uncertainty training
during summer schools and states that its ‘technical officers
have experience in [...] providing training courses on the stan-
dard for accreditation [20] focusing on measurement trace-
ability and the evaluation of measurement uncertainty’ [PS].
Also in Europe, the national accreditation bodies in Belgium
(BELAC), Germany (DAkkS) and Ireland (INAB) expressed
an interest in improving training on measurement uncertainty
[SL17, SL27, SL29] – mainly for laboratory personnel (see
Section 3.C).

In addition, a questionnaire was created to assess inter-
est, (self-reported) knowledge and preferred teaching method
on 21 topics related to measurement uncertainty (see Ap-
pendix B for details). Table 2 lists the 21 topics on which
technical assessors of calibration and testing laboratories
were surveyed among the members of the European co-
operation for Accreditation (EA) and in Italy2. In the table,
the topics on which the calibration laboratory assessors indi-
cated a high level of knowledge are highlighted in dark gray,
light gray highlights a medium level of knowledge and white
highlights a lower level of knowledge. (On a scale from 1 to
4, the average scores for EA range from 3.5 to 2.6 for high
knowledge, from 2.5 to 2.0 for medium knowledge and from
1.9 to 1.5 for lower knowledge, see Table 2. These scores

2 Despite the high number of Italian participants in the questionnaire, be-
cause it was conducted by the Italian accreditation body, the article will focus
on the European (EA) participants.
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Table 1. Number of courses in which various technical aspects of measurement uncertainty are taught for audiences including employees
of NMIs, calibration or testing laboratories, in legal metrology and at universities (from [36]). For reference, the equivalent question (Q)
number for the questionnaire in Table 2 is given.

Audience
Technical content of uncertainty course Equivalent topic in Table 2 NMI lab legal uni
Mathematical tools reviewed / as prerequisite Q1 7/7 9/7 0/2 6/6
(some) Probability concepts Q2 15 22 6 12
Basic metrological concepts Q3 15 23 6 15
Standard uncertainties for input quantities Q4 15 24 6 16
Law of propagation of uncertainty (LPU) Q5 (maybe Q6) 13 23 6 15
Propagation of distributions via Monte Carlo Q11 7 8 1 9
Validate LPU against Monte Carlo results Q13 7 8 1 6
LPU & Monte Carlo for multivariate models Q8, Q12 3 2 0 2
Reporting of measurement results Q18 14 22 6 16
Number of courses 15 24 6 16

were chosen so that each column of the table contains 9-10
topics in the highest level, 6-7 in the medium level and 4 in
the lowest level.) High knowledge is generally reported for
basic concepts, input quantities, combined and expanded un-
certainty (Q1-7), as well as reporting uncertainties (Q18) and
statement of conformity (Q21). Italian assessors also indicate
high knowledge for Q16 (uncertainty from ILC/PF).

Technical assessors for testing laboratories generally report
slightly lower levels of knowledge. (The average scores for
EA range from 3.0 to 2.32 for high knowledge, from 2.31
to 2.0 for medium knowledge and from 1.7 to 1.5 for lower
knowledge). Table 2 illustrates these levels of knowledge.
High knowledge is generally reported for the basic concepts
(Q1-3), input quantities (Q4), expanded uncertainty (Q7), re-
porting uncertainties (Q18), statement of conformity (Q21)
and uncertainty from validation data (Q15). While the techni-
cal assessors of EA also report high knowledge for Q5 (com-
bined uncertainty), the Italian assessors do so for Q16 (uncer-
tainty from ILC/PF).

C. Calibration laboratories

Accredited laboratories must comply with ISO/IEC 17025
[20] when performing calibrations (see also [18]) and tests
within their accredited scope [54], and thus establish and
maintain metrological traceability of their measurement re-
sults [20]. The latter requires the identification of the contri-
butions to uncertainty [20, Note 3 in 7.6] and shall comply
with the GUM for calibration [18]. EA-4/02 [19] implements
the GUM for calibrations and is mandatory for EA members.

Consequently, the more than 11 000 calibration laborato-
ries [42] accredited by ILAC signatories, shall have the com-
petence to evaluate measurement uncertainty in compliance
with the GUM when declaring it on calibration certificates
[18]. Calibration laboratories thus require an understanding
of evaluating and reporting uncertainty.

The survey of courses on or including measurement uncer-
tainty (see Appendix A and [36], [34]) lists 24 courses aimed
at audiences including calibration and testing laboratory staff.
Of these 24 courses1, 18 are dedicated to uncertainty, 5 to cal-
ibration, three to metrology and one to reference materials.
Table 1 shows the number of these courses, which teach dif-

ferent technical aspects of measurement uncertainty. All of
these courses offer some form of certification. All but one of
the courses use at least one example and 13 use software in
class. One third of the courses is given physically, one third
physically and online, and one third online in pre-recorded
form.

Calibration laboratories among the members of EA and
in Italy were also surveyed with the questionnaire on inter-
est, (self-reported) knowledge and preferred teaching method
on 21 topics related to measurement uncertainty (see Ap-
pendix B and Table 2). The topics are generally at the same
knowledge level as for the technical assessors, but the labora-
tories report slightly lower knowledge scores (by about 0.2 to
0.4 score points).

Tables 1 and 2 show coherently that the law of propagation
of uncertainty (LPU) and its input and reporting (Q4,5,18) are
frequently taught (i.e. in more than 90 % of the courses) and
that European and Italian calibration laboratories have a high
knowledge of them.

D. Testing laboratories

Accredited laboratories must comply with ISO/IEC 17025
[20] when performing tests within their accredited scope [54],
and thus establish and maintain metrological traceability of
their measurement results [20]. The latter requires the identi-
fication of the contributions to uncertainty [20, Note 3 in 7.6].

Analogous to the calibration laboratories, the 65 000 test-
ing laboratories [42] accredited by the ILAC signatories shall
also evaluate the uncertainty of their measurement results or
at least make an estimation of it [20, sec. 7.6.3]. However,
ILAC G17 [55, clause 3] also recognizes documents that are
an alternative to the GUM. Testing laboratories therefore re-
quire an understanding of evaluating and reporting uncer-
tainty, although at a different level than calibration labora-
tories.

The survey of courses on or including measurement un-
certainty lists 24 courses aimed at audiences including cali-
bration and testing laboratory staff (see Section 2.C). That is,
the survey provides some information on uncertainty training
for testing laboratories, but it does not separate this audience
from calibration laboratories.
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Testing laboratories among the members of EA and in
Italy were surveyed with the questionnaire on interest, (self-
reported) knowledge and preferred teaching method on 21
topics related to measurement uncertainty (see Appendix B
and Table 2). Testing laboratories generally report a slightly
lower level of knowledge than their assessors (by about 0.1 to
0.3 score points) and than calibration laboratories (by up to
0.4 points). The topics are generally at the same knowledge
level as for their technical assessors (see Section 2.B).

In addition, Table 1 and Table 2 show coherently that input
quantities and reporting uncertainties (Q4,18) are frequently
taught (>90 %) and that European and Italian testing labora-
tories have a high knowledge of them.

E. Legal metrology authorities and their organizations

Legal metrology aims to ensure trust and fairness in mea-
surements covering trade, and to protect health, safety and
the environment [56], [45]. Within this scope, measurement-
based requirements and requirements for measuring instru-
ments or systems are laid down in national regulations [57].
The International Organization of Legal Metrology (OIML)
with its 64 member states and 63 corresponding states pro-
motes the global harmonization of legal metrology laws, and
offers its members guidance for their national legislation [56].
In particular, OIML D 1 [56, sec. 6.5, element no. 10]
recommends that measurement results should be traceable
when covered by regulations, performed to control regulated
prepackages and provided by regulated instruments, and that
non-fulfilment should be an offence [56, element no. 29]. The
requirements for regulated measurements themselves ordinar-
ily include the required measurement uncertainties [56, sec.
6.5.1, element no. 17]. In all these cases, the uncertainties
should be evaluated following the GUM [9], [56, art. 17]. In
addition, it is recommended that conformity assessment pro-
cedures for regulatory enforcement follow OIML guidance
[56, sec. 6.6], which includes the recent document [58] on
how to take uncertainty into account in conformity decisions
in legal metrology.

Consequently, local legal metrology authorities, which im-
plement legal controls, conduct surveillance inspections and
verifications of instruments and prepackages, and accept or
reject them [56, sec. 3.2.4], require an understanding of the
importance and evaluation of uncertainty for regulated mea-
surements. See [59] for training content for staff in verifica-
tion offices. In addition, national legal metrology authorities,
which may or may not be part of a country’s NMI, that de-
velop metrological controls, study requirements, calibration
and test equipment, carry out or supervise type evaluation
and provide training in legal metrology [56, sec. 3.2.3], re-
quire an understanding of the importance and evaluation of
uncertainty in legal metrology. Furthermore, the central gov-
ernment authority that is in charge of the national metrology
policy and of coordinating metrology-related government ac-
tions requires an understanding of the importance of uncer-
tainty [56, sec. 3.2.1]. An understanding of the concept of
uncertainty is also required by secretariats, conveners and
members of technical committees, subcommittees or project
groups at the OIML [58] and regional legal metrology orga-
nizations such as WELMEC.

The European Cooperation in Legal Metrology,
WELMEC, had 9 active working groups in 2022, 8 of
which were interviewed on their understanding and need
for training on measurement uncertainty (see Appendix C).
Several working groups promote aspects of uncertainty in
guidelines, such as Guide 4.2 [60], 6.9 [61], and, to some
extent, 13.1 [62]. Guide 8.10 [63] recommends sampling
plans. In general, WELMEC guides target various confor-
mity assessment activities for the legal control of regulated
measuring instruments [SL15]. The WG convenors are
usually NMI employees and stated in the interview that they
themselves have appropriate knowledge of measurement
uncertainty.

The survey of courses on or including measurement uncer-
tainty (see Appendix A and [36], [34]) lists 6 courses aimed
at audiences from verification authorities (cf. Table 1). These
6 courses are offered either by one of three NMIs or by a fed-
erated academy for legal metrology. They include1 4 courses
dedicated to uncertainty and one course each to metrology
experiments and gas pump verification. Table 1 shows the
number of these courses, which teach different technical as-
pects of measurement uncertainty. Software is used in all but
one course. The same courses each offer at least one example.
Two courses are also available online and one is online only
(in pre-recorded form). All courses offer certification, half of
them after an exam.

F. Students, lecturers and researchers at universities

The evaluation of uncertainty is an essential part of courses
on measurement data in University degree programs in
metrology and physics [64], [65], [66]. Aspects of uncer-
tainty are also taught in degree programs in engineering [67],
chemistry [68], [69], biology [70], [71], and medicine [72],
especially laboratory medicine, and related fields. Literature
shows that state-of-the-art teaching of measurement uncer-
tainty follows the concepts of the GUM. At the same time,
however, it also shows that this is not yet the case in all
courses [70]. In addition to students and lecturers, researchers
whose work is based on measurement results are also in need
of using, reporting or evaluating uncertainties, and it is their
responsibility to use pertinent methods to do so.

The survey of courses (see Appendix A and [36, 34]) lists
16 courses aimed at audiences including students, lecturers
and/or researchers at universities. Of these 16 courses1, 9
are dedicated to uncertainty, 6 to measurement or metrology,
one to testing and certification, and one to reference materi-
als. Table 1 shows the number of these courses, which teach
different technical aspects of measurement uncertainty. All
of these courses offer some form of certification and use at
least one example in class. Ten courses use software for un-
certainty propagation or uncertainty budget calculation in the
classroom. Of the courses, 5 are held physically, 7 are held
physically and online, and 4 are online only (most in pre-
recorded form).

Given the number of universities in Europe and the num-
ber of degree programs they offer, the survey of uncertainty
courses may not provide a representative overview. Particu-
larly those universities or departments without NMI contacts
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or not teaching GUM concepts may be underrepresented in
the survey, considering that 9 of the 16 courses at the univer-
sities included in the survey are taught by NMI staff.

In addition to the survey, there is research that provides
insight into the content of uncertainty courses at universi-
ties and schools. For example, [73, p. 34] summarizes that
‘the topic of measurement uncertainties is traditionally in-
troduced at universities during laboratory courses [74], [75],
[76], [77]). [...] Often, these laboratory courses are accom-
panied by theoretical (statistics) courses that introduce the
topic of measurement uncertainties [75], [77], [78], [79].’ In
secondary education, however, ‘measurement uncertainty is a
topic that is often neglected’ [73, p. iii].

G. Different metrology fields

There are 12 European Metrology Networks (EMNs) that
represent the measurement science community in different
fields. These EMNs analyze and address the European and
global metrology challenges, and uncertainty has already
been explicitly identified as a challenge by 5 of these EMNs
(see Appendix E for details). In particular, the EMN

• Mathmet identified the foundational topic ‘Data Analy-
sis and Uncertainty Evaluation’, as well as the demand
for research on uncertainty to support the strategic top-
ics of ‘Artificial Intelligence and Machine Learning’ and
‘Computational Modelling and Virtual Metrology’ (see
[29] and Section 3.I for details).

• Climate and Ocean Observation identified uncertainty as
a general metrology challenge, particularly for in situ
observations of essential climate variables in the land
domain, for ocean observations and for remote sensing
[80].

• Advanced Manufacturing identified requirements for un-
certainty, particularly in the cross-cutting topics of in-
telligent product design, advanced materials and smart
manufacture and assembly. The EMN envisages that in-
struments or their digital twins provide measurement re-
sults including uncertainties, and that AI algorithms are
validated and ‘calibrated’ for uncertainty determination
[81].

• Radiation Protection’s vision is that ‘quality assurance
including measurement traceability to the SI system is
available for all measurements in the respective expo-
sure situation addressed under the European legislation.’
They want to contribute to this with reliable data, includ-
ing uncertainties [82].

• Smart Electricity Grids identified ‘grid monitoring and
data analytics’ as one of 8 themes with particular metro-
logical relevance for smart grids, and identified for this
theme the requirement to develop ‘big data analytics and
visualisation platforms with adequate evaluation of mea-
surement uncertainty’ and ‘machine learning algorithms
for short-term load forecasting’ [83].

• Laboratory Medicine’s mission is to provide metrolog-
ical traceability of in vitro diagnostics, which is im-
portant in health care, and for devices regulated in EU

2017/746 [84]. Uncertainty is not explicitly mentioned,
but is a prerequisite for traceability.

The EMNs were only founded in 2019 or later, so that at the
beginning of 2024, the strategic research agenda of 6 EMNs
was not yet available or did not mention the keyword ‘un-
certainty’ (c.f. Appendix E). None of the EMNs have (yet)
published information on the state of the art of measurement
uncertainty training in their field. Nevertheless, some EMNs
have identified uncertainty training as one of their priorities,
see Section 3.G.

EURAMET advertises and archives events [85] such as
trainings, workshops and courses organized in different
metrology fields. 12 events containing the keyword ‘uncer-
tainty’ were organized between 2017 and 2024, either related
to projects within EURAMET’s research programs such as
EMPIR, as EURAMET capacity building activity, by bod-
ies closely related to EURAMET or by the EMN Mathmet.
These events include 5 workshops, 6 training courses, and a
tutorial, all explicitly dedicated to teaching measurement un-
certainty topics, either at a general level or for a specific ap-
plication (i.e., spectral data, volatile organic compound mea-
surements, chemical analysis and sampling, flow measure-
ments, electrical power and energy, mass calibration and vol-
ume measurements). Among the 48 events that included the
more generic keyword ‘training’, 10 further events had mea-
surement uncertainty evaluation as a topic on their agenda.
These trainings were all offered in the last two years and
by similar types of organizers to the above-mentioned events
on measurement uncertainty. All of these events confirm the
cross-disciplinary nature of measurement uncertainty and the
transversality of the need for its comprehension, modeling
and evaluation in many different metrology fields.

H. Teachers of measurement uncertainty

In general, following Shulman’s model of teachers’ pro-
fessional knowledge [86, p. 8], the three dimensions of con-
tent knowledge, general pedagogical knowledge, and content-
specific pedagogical knowledge (i.e., knowledge of how best
to teach a certain topic) are needed to teach a topic success-
fully. When digital tools are used, additional technological
knowledge is needed and it overlaps with all three dimensions
mentioned above [87]. Furthermore, teaching is facilitated by
a sufficient number of teachers as well as suitable materials
that address concepts and support learning. This section fo-
cuses on the state of the art related to providing measurement
uncertainty training, which is common to the community of
teachers, and points to available resources for teaching mea-
surement uncertainty. Section 3.H will point to further needs.

In the case of measurement uncertainty, content knowledge
implies a thorough understanding of the concepts and limita-
tions of measurement uncertainty as well as practical com-
petence in the evaluation, use and reporting of measurement
uncertainty as described in the GUM suite of documents [10],
[11], [12], [13], [14], [15] and in research. In order to design
training tailored to a specific audience, awareness of audi-
ence needs, expectations and prior training (with respect to
metrology, mathematics, etc.) is also required to select rele-
vant content, suitable examples, software, etc. This specific
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background for each community has been described in the
subsections of Sections 2 and 3 and will not be repeated here.

The second and third of the three dimensions needed for
successful teaching are general pedagogical skills, and ped-
agogical content knowledge specific to measurement uncer-
tainty. The little research available on the latter gives insights
into, for example, learning problems [78], pre- or misconcep-
tions [88], and validated assessment tools (e.g., [89], [90]) to
monitor the progress of trainees from mere knowledge of the
existence of measurement uncertainty to its handling, assess-
ment, and finally its conclusiveness [27]. In addition, [73,
p. 34-35] and [91] conclude that the most important aspect to
successfully teach uncertainties is a concept-based approach
and emphasis on the underlying principles rather than just sta-
tistical and calculational procedures. Training on general ped-
agogical skills as well as dedicated training centers can help
teachers develop courses (e.g., [92]) or skills that were often
not part of their education.

Practical experiences were exchanged between teachers of
measurement uncertainty at a recent workshop [93], and the
importance of examples (e.g., an annotated template of a sim-
ple uncertainty budget) to illustrate the training content and to
learn by example was emphasized, as well as the importance
of (interactive) exercises, quizzes and other practical work
to transfer higher levels of cognition (c.f. [94]). Knowledge
transfer can also be improved through interactions between
trainees and through follow-up contacts and consultations be-
tween experts and trainees after the course content has been
implemented. On the other hand, trainee feedback can sup-
port the improvement of future courses. In addition, general
pedagogical knowledge about methods such as blended learn-
ing and flipped classroom [95] enables the implementation
of more individual learning and more time for discussions in
class. Exchange of good practices and experiences between
teachers of uncertainty enhances their capabilities; for exam-
ple, the MU Training activity can serve as a reference point
for uncertainty training and improve both pedagogical con-
tent knowledge and pedagogical knowledge. Among others,
the activity organized a workshop for non-professional teach-
ers (see [93] and [96]), and created a framework to mutually
attend courses within its consortium.

The context in which uncertainty training is given differs
substantially. The course survey [36] provides insights into
the organizing bodies, training frameworks such as metrol-
ogy, calibration, various Master, Bachelor degrees or PhD
programs. Furthermore, the courses cover different metrol-
ogy areas and vary in frequency, duration and language.

In addition to the professional knowledge of teachers,
Shulman [86, p. 9] points to didactically sound materials and
tools to support teachers. These include tailored curricula (c.f.
Sections 2 and 3), but also examples and software to enhance
courses on uncertainty that can bridge the gap between theory
and application. Surveys on both [31], [33] provide guidance
for choices tailored to the audience and context. Introduc-
tory material and e-learning can help to align the background
knowledge of heterogeneous audiences. The MU Training
activity offers the exchange of course material within its con-
sortium. The GUM documents themselves [14], [10], [11],

[12], [13], [15], textbooks (e.g., [97], [98]) and guidelines in
different metrology fields support the teaching of uncertainty.
Video material can also support teachers, and is available on
certain aspects of uncertainty [99]. A Digital Learning Envi-
ronment on Measurement Uncertainties with videos and prac-
tice problems for secondary school students has been devel-
oped [100] and assessed in [73]. Dedicated e-learning courses
are also offered by CEM in Spanish, by LNE in French, and
by JRC and NPL in English (see [36]). In general, educa-
tional technology has been shown to have a positive impact
on learning outcomes when used intentionally [101]. Techno-
logical tools are abundant and some multi-purpose tools are
listed [95].

3. THE TRAINING NEEDS OF EACH COMMUNITY

This section identifies separate needs for uncertainty train-
ing for each community of NMIs, accreditation bodies, cali-
bration and testing laboratories, legal metrology, universities
and different metrology fields. While communities may also
have needs for tailored guidance, examples or software on un-
certainty, those needs will only be touched upon if related to
training.

Training providers, such as the European NMIs, are usually
interested in how to better deliver their training. If particular
training needs are not specific to any of the audiences, they
are deferred to Section 3.H, where the needs of the teachers
are summarized. In addition, Section 3.I identifies needs that
may emerge due to new developments in metrology.

Section 4 then summarizes the needs identified in this sec-
tion and provides recommendations and an outlook.

A. NMIs, DIs and other signatories of the CIPM MRA

The survey on uncertainty courses in Europe [36] high-
lighted that little training on multivariate models [12] and
thus on the calculation of correlation between multiple mea-
surands exists – although these correlations should always be
evaluated when measurands depend on common input quanti-
ties. There is also a rather small number of courses dedicated
to propagating distributions (c.f. Table 1). This shortage may
imply that there is a need for such courses and/or that aware-
ness of the importance of both topics needs to be raised.

In addition, some of the smaller NMIs aim to extend their
offer on uncertainty training because they do not currently
teach courses or want to serve new audiences [PS]. Emerg-
ing NMIs stated that they themselves have a need for training
on uncertainty methods [SL20, on MC] and a need for uncer-
tainty trainers to teach their stakeholders. A DI would like to
strengthen its teaching on uncertainty due to retiring teachers
and with regard to aspects such as sampling, calibration, test-
ing, binary or ranked tests and conformity assessment [SL22].

B. Accreditation bodies and technical assessors

The current sources of information provide little insight
into the training of accreditation body personnel. Neither the
course survey [36] nor the 5 accreditation bodies that are part-
ners or stakeholders of the MU Training activity include train-
ing that is explicitly tailored to this audience. The authors
suspect that this community attends training that is mainly
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directed at other audiences, such as NMI or laboratory staff.
The technical assessors were also asked about their level of

interest in 21 uncertainty topics in the questionnaire described
in Section 2.B and Appendix B (see Table 2). In general, the
level of interest is similar to the level of reported knowledge
on the topics, but the average interest score is higher and less
dispersed than the average knowledge score. For example,
for assessors of EA calibration laboratories, average scores
range from 3.8 to 3.65 for high interest, from 3.65 to 3.53
for medium interest, and from 3.51 to 3.26 for lower interest.
This result can be interpreted as a general lack of structured
training on uncertainty topics.

Let us consider topics which raise even more interest than
knowledge compared to other topics and which could there-
fore be taught more to technical assessors. These topics are
Q11 (univariate Monte Carlo) and Q13 (GUM vs. Monte
Carlo) for assessors of EA calibration laboratories. For as-
sessors of testing laboratories, topics Q17 (fitness for pur-
pose of uncertainty) and Q20 (uncertainty for sampling) raise
more interest than knowledge. Among Italian assessors, re-
ported knowledge and interest seem to diverge on more top-
ics. Surprisingly, the prerequisites for topics with high knowl-
edge and interest (Q7,18,21), do not stimulate equally high
interest among the assessors of EA testing laboratories. This
means that there is a lack of interest and partially also a lack
of knowledge for input and combined uncertainties (Q4-6)
and for modeling (Q8-9). This outcome may be explained
by the requirement in [20, sec. 7.8.3.1] to state uncertain-
ties in test reports only if they are relevant for the test re-
sult, the customer or the conformity statement. (For exam-
ple, stating conformity based on simple acceptance with an
uncertainty or uncertainty sources limited by a documented
test method [13, sec. 8.2.4, 8.2.5] may avoid explicitly eval-
uating the uncertainty.) Assessors generally reported less in-
terest in Q12 (multivariate Monte Carlo) and Q14 (Bayesian
methods). While for assessors of EA calibration laboratories
interest in Q8 (multivariate LPU) and Q20 (uncertainty for
sampling) is also low, for testing laboratories it is also low
for Q11 (univariate Monte Carlo) and Q13 (GUM vs. Monte
Carlo).

For each of the topics in the questionnaire, respondents
were also asked about their preferred teaching method, choos-
ing between the options ‘Theoretical’, ‘Exercises illustrated
by the teacher’, ‘Exercises carried out by the attendee’ and
‘Use of dedicated software’. For all topics, ‘Exercises illus-
trated by the teacher’ is the (or one of the) most preferred
teaching method by the technical assessors. This could be in-
terpreted as the general demand for more exercises in uncer-
tainty courses (c.f. Sections 1.B and 2.H for the importance
and a caveat of exercises and examples).

C. Calibration laboratories

Compared to NMIs, it is expected that calibration and test-
ing laboratories generally have less statistical and numerical
competence when evaluating uncertainties ([SL6] and [102]).
Calibration laboratories offering metrology training ex-
pressed the need

• for a common comparable approach and a clearly struc-

tured educational system for the teaching of measure-
ment uncertainty [SL8]

• for comparable uncertainty training and expertise
[SL11], and

• for a better transfer of the mathematical basics into prac-
tice in calibration and testing [SL4].

One standardization body expressed the need for uncer-
tainty training particularly directed at European calibration
and testing laboratories, and assumes that the latest edition
of ISO 17025 poses challenges to this audience that require
training [SL6], e.g. conformity statements that account for
uncertainty. In addition, national accreditation bodies

• are ‘interested in teaching that is targeted at the lab-
oratory practitioner level including basic measurement
equations, methods to recognize and address correlation,
and calculation, reporting and use (importing) of mea-
surement uncertainty within GUM-LPU in the presence
of dominant type B uncertainties’ [SL16]

• identified the need to ‘improve the trainings in this tech-
nical field [authors’ note: of determining uncertainties in
testing and calibration performed by accredited labora-
tories] and with that the competence of all participating
laboratory staff’ [SL17]

• stated the importance of ‘setting up training to raise
awareness about measurement uncertainties and to en-
sure the deep understanding of their concepts’ for all
laboratories that apply for accreditation [SL28], and

• identified the need for ‘common, best quality material to
fill the gap by appropriate trainings targeting very differ-
ent audiences’ as ‘founding concepts are often not really
understood, because drown in extensive ex-cathedra cal-
culus’ [SL28].

In the questionnaire summarized in Table 2, laboratories
were also asked about their level of interest in 21 uncertainty
topics. High levels of interest there largely coincide with the
expectations for uncertainty training, observed by one train-
ing provider [102] in the selection, modeling and description
of uncertainty sources (Q4-5), establishment and extension
of the basic measurement model (Q9), covariance (Q6,8),
Monte Carlo (Q11) and decision rules (Q7,21). In general,
the level of interest is similar to the level of reported knowl-
edge on the topics, but the average interest score is higher
and less dispersed than the average knowledge score (see Ta-
ble 2). Again, this result can be interpreted as a general lack
of training on uncertainty topics and confirms the need ex-
pressed above by standardization and accreditation bodies. In
addition, there are topics that raise even more interest than
knowledge compared to other topics. This is generally the
case for Q11 (univariate Monte Carlo) and Q13 (GUM vs.
Monte Carlo). Among the Italian laboratories, other topics
also raise relatively more interest than knowledge. On the
other hand, uncertainty for sampling (Q20) raises less inter-
est compared to other topics.
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Table 1 and Table 2 coherently show that the propaga-
tion of distributions via Monte Carlo and the validation of
LPU against Monte Carlo results are little taught (33 %) and
that European and Italian calibration laboratories have little
knowledge about them (generally in the lower third). How-
ever, there is interest in both topics, as Table 2 shows. The
multivariate extension of LPU and Monte Carlo is taught even
less (<10 %), and interest is medium and low, respectively –
despite the need to consider correlations when measurands
depend on common input quantities. Since calibrations often
imply correlations, there may be a need to raise awareness
of the importance of multivariate (joint) modeling of measur-
ands.

Again, the preferred teaching method for all topics is ‘Ex-
ercises illustrated by the teacher’. One could interpret this
preference as the general demand for more exercises in uncer-
tainty courses, which reiterates the need for better knowledge
transfer into practice and for tailored courses as expressed
above by a training provider and by standardization and ac-
creditation bodies.

D. Testing laboratories

One manufacturer for whom product and component test-
ing is essential, stated the need for training on identifying
sources of uncertainty, or more generally on applying the
‘hard math’ in practice, and the need that development en-
gineers, managers and suppliers be trained at different lev-
els [SL23]. A testing laboratory aims to keep its knowl-
edge up-to-date and to improve uncertainties by, among
other things, being informed about uncertainty software and
courses [SL32].

Table 2 ranks the interest of accredited testing laborato-
ries in uncertainty topics more generally. Testing laboratories
generally report average interest scores that are higher and
less dispersed than the average knowledge score. Again, this
can be interpreted as a general lack of training on uncertainty
topics. Surprisingly, the prerequisites for topics with high
knowledge and interest (Q7,18,21) do not stimulate equally
high interest among testing laboratories. This means that
there is a lack of interest and partially also a lack of knowl-
edge for correlated input and combined uncertainties (Q5,6)
and for modeling (Q8,9). (C.f. assessors of testing laborato-
ries in Section 3.B for an explanation.)

Tables 1 and 2 coherently show that the propagation of dis-
tributions via Monte Carlo (Q11) and the validation of LPU
against Monte Carlo results (Q13) are little taught (33 %)
and that European and Italian testing laboratories have little
knowledge about them (in the lower third). The multivariate
extension of Monte Carlo (Q12) is taught even less (<10 %),
and interest is low.

Again, the preferred teaching method for all topics is
‘Exercises illustrated by the teacher’, which could be inter-
preted as a general demand for more exercises in uncertainty
courses.

E. Legal metrology authorities and their organizations

WELMEC stated a general shortage of teaching material
and courses that are both accessible and understandable to dif-
ferent specialists in legal metrology [SL15], such as notified

bodies or field inspectors. During the interviews summarized
in Appendix C, WELMEC WG 6 stated the additional need
for support in improving Guide 6.9 [61], especially on model
building, and in developing software including uncertainty for
the packer procedure. WG 8 stated the need for conformity
assessment according to JCGM 106 [13]. In addition, one
federated academy for legal metrology stated the need to of-
fer more blended learning with a larger online portfolio for
teaching [PS].

The course survey [36] shows a particular lack of courses
on distribution propagation via Monte Carlo and on multi-
variate modeling that are accessible to legal audiences. In
addition, the few courses covered in the survey highlight that
either a more complete overview or more courses on mea-
surement uncertainty are needed for the legal community.
WELMEC’s statement above indicates the latter need. If new
national or European legislation or guidelines are adopted, the
existing courses may need to be adapted.

F. Students, lecturers and researchers at universities

The relatively low number of courses on uncertainty of-
fered at universities and included in the survey [36] highlights
the need for a more complete overview of such courses, espe-
cially among those university departments with weaker links
to metrology. Among the courses included in the survey, a
lack of training on multivariate models at universities is indi-
cated.

Three universities expressed interest in improving their
teaching of uncertainty, e.g. with new training material, and
in establishing new courses [SL21,33,34]. In addition, they

• would like to focus more on the concepts and importance
of uncertainty, and would like to increase online deliv-
ery and other new digital teaching tools in the curricula
[SL33]

• aim to extend their offer to include a course that contains
uncertainty in regression and the relevance of uncertain-
ties for machine learning models and big data analytics
[SL33]

• aim particularly at the calculation of sensitivity coeffi-
cients and expanded uncertainties via LPU taking into
account distributions, correlations and a minimum num-
ber of measurements, as well as the evaluation of un-
certainty in calibrations (including needs for methods,
models, budgets, validation), sampling and via Monte
Carlo (needing a review of software and uncertainty bud-
get calculations) [SL34].

The physics department of a fourth university expressed in-
terest in new teaching approaches of the GUM, applications
in basic research and would like to stay up-to-date [SL18]. A
fifth university is interested in making reference courses on
the fundamentals of measurement uncertainty training avail-
able to students in the fields of basic science and engineer-
ing [SL26]. In addition, one cooperation expressed that the
understanding of uncertainty is not yet fully established in
university education in the area of traceability in analytical
chemistry [SL1].
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G. Different metrology fields

For the metrology fields of Advanced Manufacturing, Cli-
mate and Ocean Observation, Laboratory Medicine, Mathe-
matics and Statistics, Radiation Protection, and Smart Elec-
tricity Grids, uncertainty has been identified as a challenge
(see Sections 2.G and Appendix E). For these fields, the EMN

• Climate and Ocean Observation also states that ‘One of
the most common requests [...] is for training in both in-
strumental techniques and in uncertainty analysis’ [103,
p. 36f]. Their roadmap until 2025 and 2032 aims to tailor
training in uncertainty analysis to communities and con-
nect these communities to generic training developed,
for example, through EMN Mathmet. In particular, un-
certainty training courses or training support is needed
for ocean observation and remote sensing.

• Radiation Protection aims to provide expertise and sup-
port their vision [82] with reliable data including uncer-
tainties. There is also interest to interact with the EMN
Mathmet [SL30].

• Advanced Manufacturing aims to leverage metrology
advancements through knowledge transfer and train-
ing. They want to harmonize fundamental metrology
courses, connect national metrology training hubs and
to coordinate training material, course development and
transfer [81]. Training on uncertainty is particularly im-
portant because manufactured components are accepted
based on the specified manufacturing tolerances, the
measurement values for measurands of the components
and their associated measurement uncertainties [SL13].

• Smart Electricity Grids stated that its training focuses on
metrological educational resources specific to scientific
and engineering know-how related to electrical energy
and power, and that it is interested in extending their
training offerings to include courses on the fundamen-
tals of measurement uncertainty [SL25].

• TraceLabMed and its members offer uncertainty train-
ing, e.g., for calibration laboratories, and stated their in-
terest in obtaining feedback and establishing a core cur-
riculum for their audiences [SL31].

• Mathmet identified [29] the need for research on uncer-
tainty (see Section 3.I for details). During interviews, 7
members of Mathmet’s Stakeholder Advisory Commit-
tee expressed interest in training activities on measure-
ment uncertainty (mostly medium or high interest). One
of these stakeholders [WELMEC e.V.] also suggested
that training activities on applications to conformity de-
cisions would be useful. Currently, the MU Training ac-
tivity of the EMN is improving the quality, efficiency
and dissemination of measurement uncertainty training.

Within EURAMET e.V., scientific and technical cooper-
ation in different fields is organized in Technical Commit-
tees (TCs, see [104] and its subpages). TC-Length members

[SL7], the TC for Metrology in Chemistry and several sub-
committees of the TC for Mass and Related Quantities are
involved in knowledge transfer. The TC for Interdisciplinary
Metrology also monitors the training needs for early career
researchers in metrology [TC-IM Early Career project group]
and the TC-Thermometry does this in its field [SL5, TC-T
Best practice WG objectives]. TC-Thermometry also initi-
ates courses among NMIs and accredited laboratories, and
is interested in an exchange on measurement uncertainty to
develop new courses and improve existing ones [SL5]. TC-
Length considers improving the understanding of uncertainty
concepts to be crucial for decisions in science, industry and
legal metrology, and is interested in new training material for
uncertainty courses. They particularly observe the need to
improve uncertainty training in the practical realization and
improvement of length and angle units, as well as in the ap-
plication of measurement techniques in fields ranging from
nanotechnology to advanced manufacturing and long range
measurements. They are highly interested in common train-
ing material and in exchange with the MU Training activity
[SL7].

H. Teachers of measurement uncertainty

Teachers of measurement uncertainty need knowledge
of the subject, general and uncertainty-specific pedagogi-
cal knowledge, technology-related knowledge, knowledge of
their audience and the context in which they teach, as well
as appropriate teaching materials and tools (c.f. Section 2.H).
The number of qualified teachers must also meet the demand.
Sections 3.A to 3.G collected evidence on which of these as-
pects need to be improved for particular audiences. Finally,
this section collects overarching needs.

Stakeholder letters expressed a need for general and
uncertainty-specific pedagogical knowledge. Specifically,
NMIs

• would like to strengthen those who teach and those who
require an understanding of uncertainty, particularly out-
side of calibration laboratories and outside of the ar-
eas covered by EA-4/02 [19], i.e., product testing in le-
gal and regulatory contexts, uncertainties in chemical
and biological analysis, and multivariate uncertainties
[SL19].

• expressed the need for a basis that facilitates knowledge
transfer and understanding of uncertainty, such as the ex-
change of teaching methods and practical experiments
[SL19].

• emphasized the importance of the Monte Carlo method,
correlations between quantities and making sophis-
ticated statistics better accessible to technical staff
[SL14].

The general need to strengthen those teaching and those
requiring an understanding of uncertainty has been expressed
for all areas of chemical measurements, e.g., medicine, food
safety, environmental and climate protection [SL1], as well as
in civil engineering research to improve the use of metrology,

267



MEASUREMENT SCIENCE REVIEW, 25, (2025), No. 5, 257–275

e.g., for concrete dams, buildings, structures, geotechnics, hy-
draulics, materials, transportation [SL10], and for manufac-
turing in the semiconductor industry and of measuring in-
struments to improve the quality of their products. For the
latter, exchange and training material on coverage and con-
fidence intervals for non-metrologists, on uncertainty contri-
butions that are unknown or originate from time or climatic
drifts, the use of prior knowledge acquired from similar prod-
ucts and examples for electrical high-frequency applications
are of particular interest [SL24]. One NMI has observed the
need for a comprehensive, easy and efficient treatment of un-
certainty in regression problems to support teaching in cali-
bration contexts [105]. (The JCGM has also been planning
for some time to publish a guide on applications of the least-
squares method [30].) The European Commission’s science
and knowledge service would like to gain more visibility for
their uncertainty training on reference materials and thus for
the importance of reliable measurement results and the role
of reference materials, e.g., in food, feed and environmental
analysis, engineering and health applications [SL35]. One DI
wants to strengthen its teaching of uncertainty as many teach-
ers are retiring [SL22]. In countries with fewer metrology re-
sources and smaller audiences for uncertainty topics, it may
be more difficult for NMIs and other training providers to of-
fer uncertainty training tailored to heterogeneous audiences
and contexts, and to do so regularly (see e.g., [106], [107] for
hints).

Additional needs for uncertainty training may exist in com-
munities that were not surveyed in this article.

I. Emerging needs

In its strategic research agenda [29], the EMN Mathmet
has identified urgent needs, new challenges and opportuni-
ties in the areas of mathematics and statistics in metrology.
For this purpose, Mathmet identified the strategic topics ‘Ar-
tificial Intelligence (AI) and Machine Learning (ML)’ and
‘Computational Modelling and Virtual Metrology’, as well as
the foundational topic ‘Data Analysis and Uncertainty Eval-
uation’ based on an extensive stakeholder consultation pro-
cess. For the topic ‘Data Analysis and Uncertainty Evalua-
tion’, Mathmet foresees the following challenges relevant to
measurement uncertainty: uncertainty evaluation for scien-
tific applications, for small and large sample sizes, Bayesian
statistics, analysis of key comparison data, statistical tests, as
well as model design, selection and validation, accounting for
model errors, and the GUM suite of documents. Persons in-
terviewed by Mathmet reported, among others, the following
applications for which guidance on appropriate uncertainty
calculations was still missing: biomedical applications, high
frequency applications (non-stable process), regression prob-
lems with complicated uncertainty structures, analytical mea-
surements (chemistry and life sciences, non-stationary data),
optical surface and coordinate metrology, and uncertainty cal-
culations of AI and ML data analysis approaches.

For the topic ‘AI and ML’, one of the recurring emerging
issues relevant to uncertainty is its modeling and evaluation,
to ensure robustness and reliability, and, ultimately, the trust-
worthiness and traceability of results. Uncertainty quantifica-

tion of AI/ML predictions is important for the verification and
validation of algorithms and software; understanding the im-
pact of measurement uncertainty on the robustness of AI/ML
systems is essential to pave the way towards their standard-
ization and to improve decision making based on such sys-
tems; assessing the confidence in AI and ML results is needed
for the certification of relevant applications. The presentation
[108] derives some training needs from current and emerging
uncertainty approaches in ML.

For the topic ‘Computational Modelling and Virtual
Metrology’ uncertainty evaluation is also essential and there
are still some issues to be solved in this context, especially
when ensuring compliance with current standards in metrol-
ogy, such as the GUM [10], [11], [12].

Most of the above-mentioned challenges and gaps, con-
cerning the modeling and evaluation of measurement uncer-
tainty, are not directly accompanied by an explicit need for
corresponding uncertainty training. Nonetheless, it is clear
that any new challenge or research topic to be tackled, in a
certain area or for a certain application, will also need some
corresponding kind of support from the training side. Hence,
ideas and strategies for the development of future training
courses and curricula should be developed in connection with
the plethora of present and emerging needs for measurement
uncertainty evaluation, in the different application fields and
for the different audiences that ask for support.

4. CONCLUSIONS

A. Three common needs for training on uncertainty

This work revealed three major needs in relation to uncer-
tainty training that are common to many of the communities
requiring an understanding of uncertainty.

First, there is a need to address a general lack of training on
uncertainty for calibration laboratories, testing laboratories,
their technical assessors, in legal metrology, in the field of the
EMNs Climate and Ocean Observation, Advanced Manufac-
turing as well as Smart Electricity Grids, in the thermometry,
length and analytical chemistry community, and for emerg-
ing topics. The lack is often identified for tailored approaches
to uncertainty training (including examples), but also for fun-
damental or common approaches, and when new guidance
or regulation is adopted. Smaller and emerging NMIs need
qualified teachers to strengthen their teaching or expertise.
Calibration laboratories and teachers of uncertainty see the
need to improve general and uncertainty-specific pedagogi-
cal knowledge, e.g., by encouraging exchange between those
who teach uncertainty.

Secondly, a better overview of the state of the art of uncer-
tainty training is needed, especially at universities, for accred-
itation body personnel and in the different metrology fields
represented by the European Metrology Networks. A better
overview of uncertainty training may also be needed in legal
metrology, if the lack of evidence of courses accessible to le-
gal metrology audiences is not entirely due to an overall lack
of such courses. In addition, all communities that need an
understanding of uncertainty, but are not covered in this arti-
cle, could benefit from an overview of the state of the art of
uncertainty training.
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Table 3. Proportion of courses aimed at different target audiences
among the 43 courses included in the survey [36].

Target audience for courses Proportion
NMIs 14 %
NMIs, calibration & testing labs 21 %
Calibration & testing labs 23 %
Academia, calibration & testing labs 5 %
Academia 23 %
Legal metrology 12 %
Legal metrology, calibration & testing labs 2 %

Thirdly, the information collected and investigated for this
study highlights that more training on specific technical top-
ics related to uncertainty evaluation is needed. In particular,
little training on propagation of distributions via Monte Carlo
is provided for NMI staff, for calibration and testing labora-
tories and their assessors, and in legal metrology. This lack
includes the validation of the law of propagation of uncer-
tainty against Monte Carlo results. In addition, little train-
ing on multivariate measurement models is provided for NMI
staff, for calibration and testing laboratories and their asses-
sors as well as in legal metrology and at the universities.
Since neither the validation of results from the law of propa-
gation of uncertainty nor the existence of correlation between
input and/or output quantities should be a rarity, there is a
need to raise awareness of these communities for the gener-
alization of propagating uncertainties to propagating distri-
butions [11] as well as for their extensions to several output
quantities [12]. This is expected to happen with the recent re-
branding of the whole suite of documents as ‘the GUM’ [14],
with the desire for more reliable uncertainty statements, and
with digitalization efforts. Training is also needed in different
communities on other aspects of the evaluation of uncertainty,
e.g., on model building, uncertainty for sampling or the eval-
uation of input and combined uncertainties.

B. Discussion and outlook

To review the state of the art, and the needs for, training on
measurement uncertainty in Europe, this article merged many
different sources of information. Some of these sources were
collected as part of the MU Training activity between 2021
and 2024, and range from surveys, interviews and stakeholder
letters to workshop presentations. Other sources range from
research to websites about courses or strategic agendas. The
authors do not claim complete or equal coverage of all train-
ing on measurement uncertainty in Europe, and caution about
potential limitations.

The needs identified for each community, as well as the
three most common needs, indicate where future develop-
ments are required most to improve the understanding of un-
certainty. This may be aided by a discussion in each commu-
nity about underlying causes for the identified needs. Future
work could expand the study beyond Europe and compare the
identified needs.

Some of these prioritized needs can be taken up and ad-
dressed by the MU Training activity, which will continue in
the future. This article can also serve as a guide for future

developments of the EURAMET Technical Committees and
the European Metrology Networks for their communities. For
example, the EMN Mathmet is considering to plan a summer
school on uncertainty. In addition, training providers in all
communities covered and not covered here have the opportu-
nity to benefit from this study.

This article is also a valuable source of information for
teachers of uncertainty to better address the needs of their
audience, to learn about the research, practical teaching ex-
perience, and available materials and tools specific to uncer-
tainty training. If implemented, this information will facili-
tate to improve the training on uncertainty. Ultimately, this
work will contribute to increasing the understanding of mea-
surement uncertainty.

APPENDIX: DESCRIPTION OF SOURCES

A. Course survey

An overview of the courses on measurement uncertainty
[36], usually offered by the partners of the consortium of the
MU Training activity and some of its stakeholders [35], was
conducted in order to i) provide the state of the art in mea-
surement uncertainty training at European level, ii) inform
the wider audience about the characteristics of the available
courses, and iii) identify possible gaps in the provided edu-
cation. The courses were categorized according to their main
features (language, technical level, audience, duration, etc.)
and, in particular, according to their adherence to the pre-
scriptions of the GUM suite of documents [10], [11], [12],
[13], [15], with a special focus on teaching the Law of Propa-
gation of Uncertainty (LPU, [10], [12]) and the Monte Carlo
Method (MCM, [11], [12]) for the propagation of probability
distributions.

An analysis of the first 41 courses collected can be found in
[34], thereafter the survey was extended by two more courses.
Of the 43 courses1, 35 % are aimed at NMI staff, 51 % at cali-
bration and testing laboratories, 14 % at legal metrology staff,
and 28 % at academia. More detailed information on the pro-
portion of courses aimed at different (non-overlapping) tar-
get audiences among the 43 courses included in the survey is
shown in Table 3.

The 2023 version of the course survey [36] was used for
this article, but it will be updated regularly.

B. Questionnaire for accredited laboratories and their asses-
sors

A questionnaire that assessed interest, (self-reported)
knowledge and preferred teaching method on 21 topics re-
lated to measurement uncertainty was designed by ACCRE-
DIA (lead), a focus group and the partners of the MU Train-
ing activity. The focus group included a sample of technical
assessors and accredited laboratory personnel, from both the
testing and calibration sectors. Separate sessions were held
for each group to design the questionnaire. At the beginning
of 2022, the questionnaire was distributed to the members of
the European co-operation for Accreditation, EA, and to ac-
credited laboratories in Italy and their assessors. Table 4 lists
the different numbers of participants, with a total number of
805 respondents for Italy and a response rate of 46 % there,
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Table 4. Number of participants who answered a questionnaire on
measurement uncertainty topics among different EA (and in paren-
theses Italian) accredited laboratories and their assessors.

Calibration Testing
Accredited laboratories 82 (133) 258 (547)
Technical assessor 59 (38) 140 (155)

and 476 respondents for EA with a considerably lower re-
sponse rate.3

The uncertainty topics about which the questionnaire in-
quired are listed in Table 2. Question 19 on ‘Uncertainty fac-
tor, new approaches for expanded measurement uncertainty
evaluation’ was excluded from further analyses in Sections 2
and 3 due to its ambiguity. Table 2 also shows the average
knowledge and interest scores reported by participants in the
different communities on these 21 topics.

C. WELMEC consultation

The European Cooperation in Legal Metrology,
WELMEC, had 9 active working groups (WGs) in 2022.
Representatives of 8 of these WGs, i.e. WGs 2, 6-8 and
10-13, were interviewed on their understanding and need for
training on measurement uncertainty. This consultation was
conducted by IMBiH (lead) and other partners of the MU
Training activity.

For the consultation, representatives of all WELMEC WGs
were asked the questions listed in Table 5. One WG an-
swered in writing, while the other 7 WGs shared their opin-
ions at a subsequent meeting. The WG convenors are usu-
ally NMI employees and stated that they themselves had ap-
propriate knowledge of measurement uncertainty. The main
topic of interest among the WGs is conformity assessment,
with WG 8 ‘General Application of MID and NAWID’ stat-
ing that it welcomes support for the implementation of JCGM
106 [13], which accounts for uncertainties and risks. An ad-
ditional discussion took place with representatives of WG 6
‘Prepackages’, who expressed that training on model build-
ing could be useful if changes to the measurement model for
the verification of prepackages in WELMEC Guide 6.9 [61]
are required, e.g., due to new regulations or technology. In
addition, WG 6 is interested in software for uncertainty eval-
uation.

D. Stakeholders and partners of the MU Training activity

There are 34 stakeholders who have expressed an interest
in the MU Training activity. Their formal letters of interest
are labeled [SLn] in this study and were mostly received in
2021 before the activity started; some were received during
the activity and others only in 2023. The stakeholders are
listed on the activity website [109] and range from one-person
companies to large cooperations or networks to well-known
industrial partners. Their views and needs differ widely and
may or may not be representative of a particular community.
The views of one, non-European stakeholder are not included

3 Respondents working in both calibration and testing, or in the laboratory
and as assessors are listed several times in Table 4.

in this study.
The 16 organizations contributing to the MU Training ac-

tivity are listed on the activity website [35]. At the beginning
of the activity, a protocol was formulated, in which each part-
ner described, among other things, their ability, status, and
partially also need for teaching uncertainty. Some of these
statements are included in this study and labeled [PS].

E. Survey of EMNs for different metrology fields

For the metrology fields Advanced Manufacturing, Clean
Energy, Climate and Ocean Observation, Energy Gases,
Laboratory Medicine, Mathematics and Statistics, Pollution
Monitoring, Quantum Technologies, Radiation Protection,
Safe and Sustainable Food, Smart Electricity Grids, and
Smart Specialisation in Northern Europe, documents and
public information of the corresponding EMNs were ana-
lyzed with respect to the key words ‘uncertainty’ and ‘train-
ing’ at the beginning of 2024. The strategic research agenda
of 6 of the EMNs either does not mention these keywords
or is not available yet. The needs regarding uncertainty
and uncertainty training that the remaining EMNs (Advanced
Manufacturing, Climate and Ocean Observation, Laboratory
Medicine, Mathematics and Statistics, Radiation Protection,
and Smart Electricity Grids) identified are described in Sec-
tion 2.G. These needs usually reflect priorities of the whole
community and its stakeholders.
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