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Publishable Summary for 17NRM05 EMUE
Advancing measurement uncertainty ̶
Comprehensive examples for key international standards
Overview
This project is providing a comprehensive set of worked examples illustrating how principles of measurement
uncertainty evaluation can support documentary standards and guides. It is promoting uncertainty evaluation
according to internationally recognized guides across broad disciplines of measurement. The project is
delivering new or improved adaptable examples of and templates for uncertainty evaluation to the Joint
Committee for Guides in Metrology (JCGM) as publishers of the internationally acknowledged Guide to the
expression of uncertainty in measurement (GUM). The project is also providing examples to ten
standardization bodies that are specifically related to standards they are developing.
Need
Measurement models describe the relationship between (input) quantities we measure or know something
about to the (output) quantities of interest. In areas such as energy, environment and health care these models
are frequently non-linear and the quantities measured may have substantial uncertainty. In almost all scientific
areas, uncertainties associated with the output quantities must be calculated given the input uncertainties. The
traditional approach to uncertainty propagation through a model uses the law of propagation of uncertainty
(LPU) of the GUM, but the resulting uncertainty so produced may not always be fit for purpose.
Carefully elaborated examples are required that are practical and specific to many domains, capable of
delivering reliable results, and as far as possible in a form that can be adapted to actual end-users’ data and
knowledge. Many end-users learn by example rather than from formal guidance material, using the latter to
support what they have learned when needed.
Provision of examples to meet end-users’ needs are essential in diverse disciplines including traditional
metrology (calibration, testing, comparison and conformance) and sectors such as environment, energy,
quality of life, and industry and society.
Objectives
The overall objective is to provide a comprehensive set of new and improved examples to illustrate uncertainty
evaluation methods in accordance with recognized international practice, specifically the GUM suite of
documents. Some examples concern the traditional metrology areas of calibration, testing, comparison and
conformity assessment. Further examples relate to the thematic areas of environment, energy, quality of life,
and industry and society. The examples are being offered to the JCGM and its member organisations for use
in their guidance documents. They are also being provided to standards committees and other organisations
that have expressed a need for them.
The specific objectives of the project are:
1. To develop examples of measurement uncertainty evaluations capable of acting as template solutions
that end users can use for related problems. Examples will include measurement model construction
using JCGM 103, application of uncertainty evaluation principles for addressing industrial conformity
assessments to support JCGM 106 and taking correlations into account as requested by ISO/REMCO,
the ISO committee concerned with reference materials.
2. To derive worked examples of uncertainty analyses using the GUM and other methods to assist users to
make informed choices on an appropriate uncertainty evaluation method to use. Examples will include
an examination of the extent to which the GUM is appropriate for certain applications or whether the
Monte Carlo methods of GUM Supplements 1 and 2, or Bayesian methods, have greater efficacy.
3. To collaborate with JCGM/WG1 (the chief stakeholder), and the standardisation, regulatory and
accreditation communities (ISO/REMCO, IEC, CEN, OIML, and ILAC) to ensure that the outputs of the
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project are aligned with their needs, communicated quickly, and in a form that can readily be
incorporated into the JCGM Guides and other documents.
Progress beyond the state of the art
Many practitioners, particularly in calibration and testing laboratories, admit having difficulty interpreting and
applying measurement uncertainty principles as presented in the GUM suite of documents. They especially
have difficulty in quantifying and accounting for correlation between quantities in a measurement model. To
help overcome these problems, this project applies the “learn by example” principle to aid such practitioners.
Testing laboratories have activities related to testing, inspection and certification: these are critical in assuring
safety of products and services and in market surveillance. Since conformity assessment according to the
latest edition of ISO/IEC 17025:2017 will require uncertainty to be used in criteria for decision rules, this project
is constructing examples illustrating how uncertainty can be taken into account in this area.
The examples in the GUM suite of documents have been criticized as not relating sufficiently strongly to
modern practice in measurement, and to calibration and testing laboratories. The project is taking the
readership of these documents beyond the scope of existing examples, which relate mainly to simple
measurement models in calibration that can be expressed in a straightforward mathematical manner.
The examples are supplemented by generic tutorial material, particularly to assist practitioners in setting up
their own uncertainty evaluations. These tutorials focus on reporting uncertainty, handling correlation, and
Monte Carlo and Bayesian methods for uncertainty propagation.
Results
Objective 1: Examples of measurement uncertainty evaluations capable of acting as template solutions
Straight-line calibration. Common practice in calibration is determining a straight-line relationship between two
quantities (linear regression), where measured values of the quantities have uncertainties. The intercept and
the slope of the line can be estimated using weighted total least squares methods. The uncertainty associated
with these estimates can be determined by the GUM approach, Monte Carlo or Bayesian methods. These
three approaches were compared in examples illustrating the calibration of a sonic nozzle, the comparison of
methods for measuring haemoglobin concentration, and the calibration of a torque measuring system.
Fire testing. The objective of the Single Burning Item (SBI) test is to determine the classification of a
construction material, aiming to characterize its contribution to the propagation of fires in buildings. Material
under test is exposed to adverse thermal conditions using a standard combustion item, the SBI, specified
within a European standard. Expressions for the heat release rate and the smoke production rate given in
the standard are complicated functions of the quantities on which they depend. The GUM method for
uncertainty propagation was applied to representative data and validated using a Monte Carlo method.
Reassessment of calibration and measurement capabilities based on key comparison results. Laboratories
make a statement of their measurement capabilities in terms of CMCs (calibration and measurement
capabilities). Those claims are validated by key comparisons (KCs) in which several national laboratories
compare their measurements of nominally the same measurand. The CMC claim must be adjusted If the KC
does not support it. This example gives a method for making minimal adjustment to the claims so as to give
that support. It is illustrated by application to the measurement of gauge blocks, used widely as reference
standards in industry.
Multicomponent conformity assessment. Current guidance on conformance to regulation or specification
deals with a single quantity (shaft diameter, say). That guidance has been extended to treat multicomponent
materials, that is, involving several quantities that jointly should conform. An example has been elaborated
on influenza medication containing four components (pain reliever and fever reducer, cough suppressant,
antihistamine, and nasal decongestant) in which each component has tolerances on its content. Risks to the
supplier and the customer were assessed. The results have been incorporated in an IUPAC/CITAC Guide.
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Objective 2: Worked examples of uncertainty analyses using the GUM and other methods to assist users to
make informed choices on an appropriate uncertainty evaluation method to use
Airborne contaminants. Polycyclic Aromatic Hydrocarbons (PAHs) are toxic contaminants present in all parts
of the environment. Among PaHs, benzo[a]pyrene is listed in European legislation as a carcinogenic risk
marker for all PAHs. Uncertainty evaluation associated with the quantification of such micro-pollutants plays a
key role in the reliability of their measurement. The example compares results obtained by application of error
propagation (LPU) and a Monte Carlo (MC) method to real data sets derived from the quantification of a low
mass of benzo[a]pyrene (BaP), a polycyclic aromatic hydrocarbon spiked on filters commonly used for
particulate matter sampling. MC was shown to give more valid results because of the skewed probability
distribution for the measurand; the GUM assumes a normal distribution.
Greenhouse gases. The Intergovernmental Panel on Climate Change (IPCC) is the United Nations’ body for
assessing the science related to climate change. For greenhouse gas (GHG) emissions, IPCC uncertainty
guides consider LPU and MC methods for uncertainty propagation. Each country in the EU submits an annual
report to UNFCCC (UN Framework Convention on Climate Change) of its emission estimates for GHGs under
the Kyoto Protocol. These estimates are based on contributions for a pollutant from many sources and activity
factors for those sources. For actual data for a pollutant from the UK contribution, the example employs the
model to estimate the total emission for that pollutant with GUM and MC methods used to obtain the associated
uncertainty. Lessons are drawn on the relative merits of these approaches.
Fluid flow. Analysis of a database containing some 16 000 values was used to determine the orifice dischargecoefficient according to an industry-accepted (Reader-Harris/Gallagher) equation. The uncertainty in the use
of that equation was deduced using the GUM considering all uncertainty sources. This analysis substantiated
previous results, increasing confidence in the use of standard ISO 5167 for measurement of fluid flow.
Thermal comfort according to ISO 7730, Ergonomics of the thermal environment, expresses the degree of
satisfaction with the thermal environment, a condition varying from person to person. Predicted mean vote
(PMV), the average thermal sensation of a large group of persons in the same environment, based on data
collected in a controlled climate chamber, is used to quantify thermal comfort. The example contains PMV
calculation for typical scenarios and uncertainty evaluation using GUM and MC. The probability distribution
obtained from MC is far from normal whereas the GUM assumes normality, the practical repercussions of
which have been communicated to ISO/TC 159/SC 5, Ergonomics of the physical environment.
Water resource management. Clean water and sanitation are among the sustainable development goals of
the United Nations’ 2030 agenda. Water supply networks involve net balances based on data relating to water
inflows and outflows provided by metering equipment in many locations. This complexity makes measurement
uncertainty a valuable tool to support the analysis of performance and risk related to these utilities. Using
volume measurement data, the example provides a straightforward approach to determine the total volume or
flow rate at a point in the network. Using the GUM method, simple formulae are derived relating the
measurement uncertainty to the number of measurement sites considered.
Load loss and billing. Energy losses play a key role in energy production, transformation, distribution and
consumption. European regulations set requirements regarding losses. Losses generated by power
transformers form the second largest contribution to total distribution and network losses. Costs of transformer
losses are comparable to product costs and play an important role in evaluating total costs. Based on a
recognized model, energy loss is estimated for typical data, and the associated uncertainty evaluated by
applying GUM and MC. These results indicate the reliability of the estimate with an impact on billing.
Processing pixelated images. Pixelated images are routinely used in health care, for example, to display the
outline of a section of a tumour. The area of a section can be estimated from knowledge of the pixels through
which the tumour boundary passes. For specific images, the example uses Fourier series to reconstruct the
boundary of the tumour as a smooth curve passing through a set of pixels specified by an operator or algorithm.
The number of Fourier harmonics was chosen as an optimal balance between fidelity and smoothness. The
required area was estimated as that of the region enclosed by the Fourier curve and the associated uncertainty
was evaluated by propagating pixel uncertainties through the calculation using GUM and MC approaches.
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Exhaust thrust in a turbofan jet engine. Acoustic sensors used for measuring exhaust thrust (and other
measurands) in a turbofan jet engine are more resistant to the harsh conditions (high temperatures, pressures,
etc.) within the engine than other measuring systems. The measurands were expressed in terms of the
geometrical configuration of the sensors, times of flight between sensor sources and receivers, and properties
of the medium. For the first time, a full uncertainty analysis of such a set-up has been produced. Estimates of
the measurands were obtained for representative test data from Rolls-Royce, and the associated uncertainties
evaluated. By modifying the sensor configuration geometry, uncertainties could be reduced by some 60 %.
Mobile optical measurement systems (MOMS) are used in the automotive, aerospace, and structural
engineering industries. The measuring system studied contains linear CCD cameras, in different spatial
positions, permitting the simultaneous observation of infrared LEDs located in a region of interest. By applying
triangulation, the system determines the spatial location of the LEDs. MOMS permit (in situ non-contact manual
or automatic) positional measurement of complex geometrical objects. Using actual measurement data, the
example determines the LED locations and uses the GUM approach for uncertainty evaluation. It is shown that
the reference standards used made the largest contribution to the calibration uncertainty.
Cancer characterisation. An imaging technique – magnetic resonance-based electrical properties tomography
(EPT) – monitors properties of biological tissues, to be used as cancer biomarkers. EPT results were analyzed
based on experimental data collected through an MRI scanner on a homogeneous cylindrical phantom. For
uncertainty evaluation purposes, repeated MRI scans of the phantom were analysed statistically to evaluate
the covariance matrix of the EPT input, then propagated through the EPT calculation using GUM principles.
Objective 3: Collaborate with JCGM/WG1 (the chief stakeholder), and the standardisation, regulatory and
accreditation communities to ensure that the outputs of the project are aligned with their needs
The great bulk of the examples generated contribute to this objective. In the above text under Objective 1 and
Objective 2 relevant standards, guides and regulations are identified. Further information is given under
“Impact on relevant standards” below.
Research mobility grant
Facilitated by an EMPIR research mobility grant, an IMBiH researcher developed three examples for
measurement uncertainty evaluation in the fields of pressure and gas flow, receiving input from NPL, UKAS,
VSL and Sarajevogas. A main goal was to compare approaches for uncertainty evaluation for the same
measurement model. The examples described (1) the calibration of a gas flow measuring instrument by the
"master meter" method, (2) the pressure drop due to gas leakage in a pressurised vessel, and (3) the
preparation of calibration gas mixtures of ammonia in nitrogen using permeation. MC was applied to two of the
examples and validated the GUM approach. For example (3), current practice was improved by an improved
modelling of the temperature dependence on the permeation, and other contributions including the calculation
of mass flow from weighing data. A Bayesian treatment of the determination of the repeatability and finite
resolution contribution of the weighing was developed to model these intertwined effects.
Impact
Over 20 presentations have been made on project activities at international conferences, including Biological
and Environmental Reference Materials, Reference Materials in Measurement and Technology, five
ENBIS-organized meetings, a CCQM Workshop on Advances in Metrology in Chemistry and Biology,
Advanced nano-mechanical techniques for academic and industrial research, a joint NPL-NIST seminar,
RSS2020, and several specialized conferences.
Five submissions of papers have been made to Metrologia, Accreditation and quality assurance, Flow
Measurement Instrumentation, and Journal of Physics: Conf. Series. It is expected that most of these papers
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will be accepted for publication. Other papers are in preparation and will be submitted before the end of the
project.
Training activities undertaken have been “Data analysis for key comparisons and their linking”, with an
extensive Q&A session (Sep 2018), “Introduction to evaluating measurement uncertainty according to the
GUM” – one day training course for members of the DKD and calibration authorities (Jan 2019),
“Electromagnetic dosimetry in MRI: computational and experimental methods” (PhD course with 21 hours
dedicated to electrical properties tomography measurement, Mar 2019), a 6 hour training module on
uncertainty evaluation within the "Fundaments of Metrology" course of the joint INRIM/Politecnico di Torino
PhD in Metrology (Mar 2020), and a 1-day training course for PTB staff (run three times in Jun and Sep 2020).
The project website includes information on the scope and objectives of the project, as well as uploaded
presentations and information on forthcoming events. The Compendium (see below) is available on the
website.
Impact on industrial and other user communities
Work on the uncertainty analysis related to the thrust generated by a turbofan jet engine (and other
measurands) is regarded as ground-breaking by partner Rolls-Royce and their academic subcontractor.
Further, the analysis can be used to adapt the design of the measurement configuration such that uncertainties
can be reduced by at least 60 %.
An example on ephedrine administration in doping control with partner WADA has reached the stage where
all of a proficiency test has been completed and the final activity report is under preparation.
An example on electric property tomography (EPT) has been developed in cooperation with Philips, a leading
manufacturer of scanners for magnetic resonance imaging, which will have access to the full quantification of
the repeatability of the results.
The work on mobile optical measurement systems (MOMS) has been communicated to practitioners in the
automotive and aeronautical industries.
The work on measurement uncertainty in a multiplexed data-acquisition system has been communicated to
practitioners in the area.
Impact on the metrology and scientific communities
A compendium of examples is being assembled, which, on completion will contain all 40 examples being
produced in project EMUE. It will be made available in its entirety to the JCGM, the material within it relating
to the development or further development of several JCGM documents including GUM-4 (ex JCGM 106) on
conformity assessment, GUM-5 (ex JCGM 110) containing examples of measurement uncertainty evaluation,
and GUM-9 (ex JCGM 109) on data analysis for interlaboratory studies. In addition, the compendium will
contain tutorials on Monte Carlo methods, Bayesian statistics, reporting uncertainty, and handling correlation.
The first edition of the compendium was made available in spring 2020. The second edition, provided to the
JCGM in November 2020, contains 19 examples and two of the tutorials. It will also be made available on the
project website.
It is expected that use will be made of the compendium, which is fully indexed for reference purposes, by the
many metrology and scientific sectors addressed by the project. Its availability through the JCGM part of the
BIPM will ensure considerable use. The number of downloads of the JCGM guides is some 5 000 per month,
and it is anticipated that the number of downloads of the compendium will be comparable.
Impact on relevant standards
The project consortium is configured to make input to UKAS, Eurachem and over ten ISO, CEN, BSI, DKD
and VDI committees, many of which have made statements of need for improved examples. Several partners
are members of ISO/TC 69, Application of statistical methods, to which presentations on project progress are
made at its annual plenary meetings and its uncertainty Working Group SC 6/WG 7. ISO/TC 69 is engaged
on many standards involving statistical methods for uncertainty evaluation and already technology developed
within the project is having an impact on some of those.
The coordinator of the project is the liaison officer between ISO/TC 69 and the JCGM. He regularly reports on
JCGM activities, especially those activities to which this project makes input, at TC 69 plenary meetings.
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Several presentations have been made to ISO and other standards committees, including ISO/TC 158 Gas
analysis, DKD TC Measurement Uncertainty, VDI TC 1.21 Suitability of Test Processes, BSI/SS 6 Statistical
procedures for measurement methods and results, ISO/TC 30 Measurement of fluid flow in closed circuits,
which in many cases will have impact on the standards they are producing
Specific input made to standards bodies includes an example relating to ISO 6143 and ISO 6145--7 (ISO/TC
158 Gas analysis), an example for a new normative document (VDI/TC 1.21 Suitability of test processes), and
an example included in an IUPAC/CITAC Guide, for evaluation of risks of conformity assessment of a
multicomponent material or object due to measurement uncertainty.
Longer-term economic, social and environmental impacts
To support the documented examples on uncertainty evaluation in general, the project held a workshop at
LNE (Paris) in January 2020 and will run a measurement uncertainty training course at IMBiH (Sarajevo) in
March 2021 (or possibly online), which is open to all but particularly targeted at the Western Balkan countries.
Further, it will assist in empowering existing training courses run by LNE, NPL, PTB and UKAS. All these
activities will extend understanding to a wider circle of end-users. There will be specific longer-term impact in
many areas including greenhouse gas emission inventories, energy efficiency and thermal comfort in buildings,
neonatology and cancer treatments, and doping tests.
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