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Abstract

International comparisons play a critical role in ensuring precision, accuracy, consistency,
and trust in the global metrology system. The Comité International des Poids et Mesures
(CIPM) established the Mutual Recognition Arrangement (MRA) in 1999 to facilitate
global trade. This paper gives an overview of the critical role of international comparisons
to National Metrology Institutes (NMIs), industrial calibration laboratories, and research
laboratories in fostering global measurement equivalence and the CIPM MRA. NMIs rely
on Key and Supplementary Comparisons to ensure the mutual recognition of calibration
and reference material certificates, vital for global trade and regulatory compliance. In-
dustrial calibration laboratories participate in inter-laboratory or international compari-
sons to validate their calibration and measurement capability (CMC) and balance their
risk management. Research laboratories push the frontiers of measurement science and
validate their measurement result via international comparisons. Through some examples
of comparisons, the paper illustrates how measurement result discrepancies uncovered in
comparisons drive technical improvements, uncertainty component identification, and
measurement technique refinement. International comparisons enhance scientific credi-
bility, build public trust, support industrial innovation, and drive evolution in measure-
ment science. As technological demands grow, fostering broader participation in interna-
tional comparisons by various metrology and research laboratories remains crucial to
maintain a robust and reliable global metrology system.

Keywords: international comparisons; global metrology system; measurement
uncertainty; measurement science; National Metrology Institutes; industrial calibration
laboratories; research laboratories; calibration and measurement capability

1. Introduction

The global metrology system can be viewed as a top-down pyramid: at the top, the
Comité International des Poids et Mesures (CIPM) and the Bureau International des Poids
et Mesures (BIPM) maintain the International System of Units (SI) and coordinate inter-
national comparisons [1-3]. Below them, the Regional Metrology Organizations (RMOs)
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coordinate regional comparisons and peer reviews among the National Metrology Insti-
tutes (NMlIs) and Designated Institutes (DlIs).

CIPM and BIPM work in close cooperation with organizations like the Organisation
Internationale de Métrologie Légale (OIML) and the International Laboratory Accredita-
tion Cooperation (ILAC), among others, to support the global metrology system. The
OIML plays an important role in the global metrology system by focusing on the legal
metrology and regulatory aspects of measurement. It complements the scientific metrol-
ogy work coordinated by the BIPM and the CIPM. The role of ILAC in the global metrol-
ogy system is to ensure that measurement, testing, and calibration results from industrial
accredited laboratories are technically reliable, internationally recognized, and traceable
to the SI [4]. ILAC harmonizes the practices of national accreditation bodies to promote a
harmonized assessment of laboratories [5], reference material producers [6], proficiency
test (PT) providers [7], etc.

The CIPM has gradually established ten Consultative Committees (CCs) in various
technical areas from the 1920s to the 1990s. These CCs play an instrumental role in main-
taining the integrity of the global metrology system. There are eight CCs in physical me-
trology areas which provide technical guidance and coordinate the work of NMIs in areas
such as length, mass, force, pressure, flow, temperature, humidity, electricity, magnetism,
time and frequency, photometry, radiometry, acoustics and vibration, ionizing radiation,
etc. The Consultative Committee for Amount of Substance: Metrology in Chemistry and
Biology (CCQM) coordinates the work of NMIs in organic analysis, inorganic analysis,
gas analysis, electrochemical analysis, surface analysis, isotope ratios, nucleic acid analy-
sis, protein analysis and cell analysis [8-11]. The Consultative Committee for Units (CCU)
was set up to advise the CIPM on matters concerning units of measurement, to develop
and improve the SI, and to prepare and update the SI Brochure [12]. These CCs ensure
that metrology standards of each country are continually updated to reflect the latest ad-
vancements in science and technology.

Each country or economy has an NMI and/or one or more DlIs that realize SI units,
participates in international comparisons, and provides traceability. These NMIs and DlIs
provide a link to industrial calibration laboratories that serve industry under ISO/IEC
17025 accreditation [5]. Research laboratories support technology innovation by develop-
ing new measurement methods or sensors with higher accuracy and precision, while in-
dustry and society form the base of the global metrology system, benefiting from reliable,
globally comparable measurements and calibrations [2,3,13-15].

In the global metrology system, where metrological traceability and measurement
uncertainty of measurement results are fundamental, international comparisons serve as
a cornerstone for validating and harmonizing measurement standards across the globe.
International comparisons have a long history of development, spanning nearly 140 years.
In the 1st General Conference on Weights and Measures (CGPM) held in 1889 in Paris, the
International Prototype of the Kilogram (IPK) and the International Prototype of the Metre
(IPM) were adopted. BIPM compared each national copy of the metre bar and kilogram
(standards of many countries) against the IPK and IPM and reported their differences in
the 1st CGPM [16]. This can be considered the first formal international comparison for
mass and length standards.

The first international comparison of electrical resistance standards (mercury—ohm
standard) and voltage standards (Weston cells) was conducted in 1910 between the NMI
of the United Kingdom, Germany, France, and the United States of America [17-19]. The
first metrological international comparison of time and frequency standards (clocks) was
coordinated by the BIPM and reported at the 7th CGPM in 1927 [20]. In the 1920s-1960s,
international comparisons in other areas, such as temperature, photometry, pressure, and
ionizing radiation, were also organized by the BIPM [2].
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By the 1950s-1960s, the BIPM had broadened international comparisons into most
base and derived SI quantities, providing the foundation for the establishment of the SI in
1960. This ultimately led to the CIPM Mutual Recognition Arrangement (MRA) in 1999
[21], which formalized the structure for international key comparisons (KCs) between
NMIs and created the key comparison database (KCDB) as a central record of equivalence
and calibration capabilities. Since then, KCs have been organized by CIPM’s CCs, and
cover all SI quantities (mass, length, time, temperature, electricity, acoustics, vibration,
ionizing radiation, photometry, radiometry, chemistry, biology, etc.).

RMOs also run supplementary comparisons (SC) and regional key comparisons,
which are linked back to the CIPM KCs for equivalence. Pilot studies organized by each
CC and the SCs run by RMO are designed to allow research laboratories to participate,
gain experience, and compare their measurement result to the respective international KC.
These activities enhance global measurement capability while maintaining traceability
through linking NMlIs.

The CIPM established the MRA in 1999 to ensure that measurement standards main-
tained by different countries are comparable and equivalent [21]. The MRA relies on KCs
and SCs among NMIs to support the international trust in national metrology systems
[22-26]. International comparisons are used to verify that measurement results from dif-
ferent countries are traceable to equivalent national reference standards, and ultimately
to the SI. This builds confidence in the accuracy and equivalence of measurements world-
wide. Such comparisons help NMlIs align their national metrology standards, ensuring
mutual recognition of measurement capabilities across borders.

By participating in international comparisons, an individual country or economy
demonstrates its measurement competence to satisfy trade partners and reduce technical
barriers to trade. Demonstration of a quality management system (QMS) that has been
reviewed and accepted through peer review or accreditation is an essential component of
the CIPM MRA. The QMS of an NMI should comply with ISO/IEC 17025 for calibration
and measurement services [5], and, where applicable, ISO 17034 for NMIs producing ref-
erence materials [6]. Based on the successful peer review of both their technical capabili-
ties and their QMS, NMIs may submit their Calibration and Measurement Capabilities
(CMCs) to the KCDB. These submitted CMCs will be reviewed first by the NMI's own
RMO (intra-RMO review), then by other RMOs (inter-RMO review). After the CMCs are
approved, they are published in the KCDB.

Certified Reference Materials (CRMs) are widely regarded as the preferred means for
disseminating metrological traceability in chemistry, biological, and materials measure-
ments where direct calibration against physical standards is not feasible. CRMs from
NMIs or DIs must be produced in accordance with ISO 17034. Their certified values are
traceable to SI units via measurements covered by the CIPM MRA if their CMCs are pub-
lished in the KCDB. Such CRMs provide well-characterized reference values with stated
uncertainties and traceability to SI units, enabling reliable dissemination of traceable
measurements to industry. CRMs form a robust and internationally recognized route to
establishing traceability, thereby complementing the traditional calibration-based dissem-
ination used in physical metrology.

In a broader sense, international comparisons or inter-laboratory comparisons in-
volve a wider network of participating laboratories —NMIs, industrial calibration labora-
tories, and research laboratories —all of which have contributed to the global consistency
of measurements. Many bilateral/multi-lateral comparisons (not registered with the
BIPM), hybrid comparisons [27] and informal comparisons between these laboratories are
conducted to validate their measurement results. The importance of international com-
parisons extends beyond scientific rigour; it has practical implications for industry, trade,
regulation, and research.
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An important reason for NMIs and DIs to participate in KCs is to meet the require-
ments of clause 7.7 in ISO/IEC 17025 (to ensure the validity of their measurement results).
International comparisons serve as performance benchmarks for participating laborato-
ries to identify gaps, support training, and drive continuous improvement in measure-
ment technologies. High-precision measurements are essential for cutting-edge research
in various research laboratories. International comparisons ensure that research con-
ducted across countries is comparable and reproducible.

This paper begins with an introduction to the measurement uncertainty estimation
and description of the methodology and process of international KC. Section 4 discusses
how NMIs ensure global measurement consistency via international comparisons. We
then discuss how industrial calibration laboratories validate their CMCs and balance their
risk management. Section 6 addresses how research laboratories push the frontiers of
measurement science and validate their measurement result via international compari-
sons. In Section 7, we underline the technical value of international comparisons with two
case studies. A summary of the main findings is presented in Section 8, followed by the
conclusions drawn from this review paper.

2. Uncertainty in Measurement

Measurement results must be assigned an estimated uncertainty when they are re-
ported; otherwise, they have no meaning. Without measurement uncertainty, you do not
know the 95% confidence interval of the measured result, or whether it can meet a speci-
fication or tolerance. The measurement uncertainties are also important to compare meas-
urement results made by various laboratories and for assessing a product’s compliance
with limits and specifications [28-30]. One of the central purposes of international com-
parisons is to validate the measurement uncertainties claimed by metrology laboratories.
By demonstrating that results from different laboratories agree within their stated uncer-
tainties, these comparisons confirm the credibility of each laboratory’s measurement ca-
pability.

Measurement uncertainties are estimated following the Guide to the Expression of
Uncertainty in Measurement (GUM) [28]. The GUM was originally published in 1993 and
republished with minor corrections in 1995. In GUM, measurement uncertainty is divided
into Type A and Type B evaluations. Type A uncertainty comes from statistical analysis
of repeated measurements. Type B uncertainty includes components evaluated using non-
statistical methods, such as calibration certificate information, manufacturer specifica-
tions, reference data, instrument limits, previous measurement data, physical constants,
environmental effects, uncertainty in bias correction, instrument resolution, long-term sta-
bility, drift, noise, modelling errors, etc. All Type A and Type B uncertainty components
are first expressed as standard uncertainties and then combined using the law of uncer-
tainty propagation (LUP) to derive the expanded uncertainty at a 95% confidence level.

For non-linear models or non-normal probability distributions, the classical GUM
approach for propagation of uncertainty can be inadequate. In 2008, GUM Supplement 1
was published to introduce the Monte Carlo method for propagating uncertainty in non-
linear models and non-normal input distributions. The GUM is under ongoing revision to
accommodate modern measurement methods, complex models, and digital metrology
[31,32].

Measurement uncertainty analysis in diverse metrology standards has been well de-
scribed in the literature [33—49]. Careful analysis of all possible uncertainty contributions
is needed to derive reliable measurement uncertainties of a measurement system. Rigor-
ous uncertainty analysis can also help to improve the accuracy of such systems. Uncer-
tainty analysis can provide valuable insights into instruments’ performance and support
the development of instruments with higher precision [50,51]. A detailed uncertainty
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analysis of Liquified Natural Gas (LNG) flow measurement [52,53] has revealed theoreti-
cally the best accuracy that can be achieved for LNG bunkering and cryogenic liquid flow
measurement.

Measurement uncertainty is essential for interpreting results reported in interna-
tional or inter-laboratory comparisons. Without quantifying uncertainty, it becomes diffi-
cult to assess the significance of differences in measurement results between laboratories.
Reliable uncertainty assessments are needed so that a laboratory can demonstrate the
equivalence of its metrology standards and maintain traceability to the SI.

For each KC, one or more key comparison reference values (KCRV) can be derived.
The KCRYV is a reference value representing the best estimate of the “true” measurand in
the comparison, based on all valid results reported by participating laboratories. KCRV is
used as a common reference point to compare all results of participating laboratories and
derive each laboratory’s degree of equivalence (DoE), which is the deviation of their meas-
ured result from the KCRV. The uncertainty of the KCRV and DoE must also be estimated
in the KC report. Many statistical methods for the evaluation of key comparison data to
identify outliers and derive KCRV with uncertainty estimation have been proposed [54-
69].

For RMO comparisons or pilot studies, measurement results from participating la-
boratories need to be combined using statistical methods, considering their respective
measurement uncertainties to derive a comparison reference value (CRV) and to evaluate
its associated uncertainty. Methods for data analysis and linking the CRV in RMO com-
parisons to KCRV have been proposed [58,70-74].

3. Methodology and Process of International Key Comparisons

In this section, we briefly describe how a typical KC is conducted. An international
KC begins with planning by a CC or the BIPM, which appoints a pilot laboratory respon-
sible for preparing the comparison protocol. This technical protocol specifies the compar-
ison’s scope, measurands, travelling standard, participating laboratories, circulation
scheme (e.g., sequential loop or star configuration), measurement procedures, principal
components of the uncertainty budget, environmental conditions, results and uncertainty
reporting format, schedule, data submission deadlines, etc. [75]. The comparison protocol
needs to be reviewed and approved by the CC.

Before travelling standard circulation, the pilot laboratory verifies its suitability —
ensuring stability, transportability, and traceability to primary standards —and performs
initial characterization measurements. During the circulation phase, each participating
NMI receives the travelling standard, performs measurements, and reports the results
with complete measurement uncertainty budgets. The stability of the travelling standard
is monitored using the pilot laboratory’s repeated measurements during the circulation
phase. Data validation is performed to identify inconsistencies or drift for the travelling
standard.

After measurements are completed by all participating laboratories, the pilot labora-
tory analyses all submitted data using statistical methods to identify outliers and deter-
mine the KCRV with its expanded uncertainty [55-57,62,63]. The DoE between each la-
boratory’s result and the KCRYV are then calculated. Pairwise DoE among all participating
laboratories is also derived.

The KC report prepared by the pilot laboratory will go through the Draft A and Draft
B stages. In the Draft A report stage, all participating laboratories will review their own
submitted results and uncertainties, outlier identification, proposed KCRV and DoE, sta-
tistical processing method, etc., in the report. When the final version of Draft A report has
been agreed upon by all participants, it becomes the Draft B report. In this stage, the Draft
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B report will be sent to CC for technical review and formal approval. Once approved, the
KC final report is published in the BIPM KCDB.

4. National Metrology Institutes: Ensuring Global Measurement Con-
sistency and Traceability

NMIs play a crucial role in ensuring the accuracy and consistency of measurements
within their respective countries, but their responsibilities extend far beyond national bor-
ders. Participation in international comparisons is essential for NMlIs to uphold their sta-
tus as custodians of national metrology standards. These standards and CMCs are vali-
dated against other NMIs through international comparisons, ensuring a robust traceabil-
ity chain for calibration laboratories and industry. Successful comparison results can con-
firm that an NMI’'s measurement standards are comparable to those of other countries.
NMIs demonstrate the international equivalence of their measurement capabilities
through KCs and SCs coordinated by the BIPM and its associated CCs.

The international comparisons support the mutual recognition of calibration certifi-
cates, which are recognized by all MRA signatory countries. This mutual recognition is
vital for industries and businesses that operate internationally. The calibration of their
products can meet internationally accepted standards. Many products benefit from the
MRA through appropriate testing and conformity assessment. This can eliminate disputes
over measurement discrepancies, facilitating smooth international trade.

Accurate measurements are crucial for safety, quality, and compliance with regula-
tions. Nowadays, industries rely on standardized measurements to ensure that their prod-
ucts meet international specifications. Satisfactory results in comparisons reinforce the
credibility and international standing of NMIs. For industries such as aerospace, automo-
tive, electronics, and pharmaceuticals, the reliable standards of NMIs can ensure smooth
trade globally.

NMIs participate in various comparisons to ensure their measurement standards and
CMCs evolve with scientific progress [76-89]. Such standards also need to maintain their
relevance in a rapidly changing world. We give some examples of international key com-
parisons between NMIs in this section.

- The Consultative Committee for Length (CCL) has conducted key comparisons of
optical frequency and wavelength standards, such as CCL-K11 [79,90,91]. These com-
parisons are used to ensure uniformity in laser wavelength measurements across dif-
ferent NMlIs. The comparisons CCL-K1 focus on the calibration of gauge blocks by
optical interferometry, to maintain length measurement equivalence and traceability
[83,92]. These CCL key comparisons have supported length metrology development
and the realization of the metre.

- The Consultative Committee for Mass and Related Quantities (CCM) organized the
first key comparison CCM.M-K8.2019 for realizations of the kilogram definition
based on the Planck constant, with a final report published in 2020 [93]. This compar-
ison is used to determine agreement between realizations of the kilogram using
Kibble balances, joule balances, and the X-ray Crystal Density (XRCD) method. The
KCRYV has a deviation of -0.0188 mg (with a standard uncertainty of 0.0075 mg) from
the mass unit maintained by the BIPM working standards (nominal mass is 1 kg).
The second CCM key comparison CCM.M-K8.2021 for realizations of the kilogram
definition was conducted in 2021-2022 [94]. Its KCRV has a standard uncertainty of
0.0074 mg and a deviation of —0.0152 mg from the 1 kg mass unit maintained by the
BIPM working standards.

- BIPM has carried out an ongoing on-site key comparison of Josephson voltage stand-
ards among NMIs under the denomination BIPM.EM-K10.a (1 V) and BIPM.EM-
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K10.b (10 V) under the auspices of the Consultative Committee for Electricity and
Magnetism (CCEM) [95]. A recent comparison between the NMI of Finland and
BIPM was reported in 2021 [96]. Their final results were in good agreement within
the combined relative standard uncertainty of 2.5 parts in 10'° for the nominal voltage
of 10 V.

CCT-K7.2021 key comparison of water-triple-point (TPW) cells was conducted be-
tween 19 NMIs, with its final report approved by the Consultative Committee for
Thermometry (CCT) in 2023 [97]. The maximum difference between two transfer cells
was 92 pK, with a standard deviation of 26 pK, which shows an almost factor-of-two
improvement compared to CCT-K7 results. Compared to the previous comparison,
CCT-K7 [98], this recent comparison has shown major improvements in the quality
of TPW cells, definition of national references, and quality of uncertainty assess-
ments.

The Consultative Committee for Photometry and Radiometry (CCPR) has organized
a key comparison CCPR-K1.a.2017 for Spectral Irradiance in the wavelength range of
250 to 2500 nm using Tungsten quartz halogen lamps (1000 W) as artifacts [99]. The
relative standard uncertainties of the KCRV were estimated to be 0.08% to 0.28%. The
measurement uncertainties reported by the participants in CCPR-K1.a.2017 were, in
general, less than those claimed in the previous comparison for Spectral Irradiance
(CCPR-K1.a). The final report shows that ~80% of all results (at all wavelengths) agree
with the KCRV within 1% at 250 to 2500 nm, which is similar to the results of the
previous CCPR-K1.a comparison (published in 2006) [100].

The Consultative Committee for Acoustics, Ultrasound and Vibration (CCAUV) or-
ganized the first key comparison CCAUV.A-K4 for free-field microphone sensitivity
derived using the reciprocity technique [101]. The travelling standards were two %2
inch laboratory-standard microphones (Briiel & Kjeer 4180), which were calibrated at
1 kHz to 40 kHz under free-field conditions in an anechoic chamber. The submitted
results of all seven NMlIs were included in the estimation of the KCRVs. The final
report shows that ~94% of all results (for all frequencies) agree with the KCRV within
the uncertainties.

The CCQM has organized three KCs on natural gas mixtures, namely CCQM-K1,
CCQM-K16 and CCQM-K23, to ensure comparability in natural gas composition ref-
erence standards among the NMIs [80,102-105]. The final report for a more recent KC
for natural gas (CCQM-K118) was published in 2022 [106]. In this comparison, the
KCRVs have been derived using a weighted mean computed from the largest con-
sistent subset (LCS) of the submitted results. Some of the participants reported one
or a few discrepant results, partly due to the heterogeneity and heteroscedasticity of
the datasets. Overall, the results in CCQM-K118 have shown good comparability of
the metrology standards for natural gas composition in the 14 participating institutes.

Asiillustrated in Figure 1, the role of NMlIs is essential for maintaining the traceability

and credibility of the global metrology system. The equivalence of measurement stand-

ards across borders, verified through international comparisons, also fosters scientific in-

novation. Researchers working with international partners can trust that the measurement

data they exchange is consistent, which supports collaborative research work.
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Figure 1. Roles of NMIs in ensuring the global measurement consistency and traceability.

To publish a CMC in the BIPM KCDB, an NMI must demonstrate its technical com-
petence and QMS by peer review or accreditation before the CMCs can be submitted to
the KCDB. The QMS of an NMI should comply with ISO/IEC 17025 [5] for calibration and
measurement services and ISO 17034 if the NMI produces reference materials [6]. The
QMS ensures that an NMI implements systematic controls and proper documentation
over measurement processes and traceability to the SI [1,107-110]. The QMS, CMCs, and
MRA form an integrated framework to ensure global confidence in measurement results.
The audited QMS practices build mutual confidence among NMIs, which form the basis
for global equivalence in measurement standards.

5. Industrial Calibration Laboratories: CMC Validation and Risk Man-
agement
5.1. Validation of CMC

Industrial calibration laboratories need to demonstrate their competence through
ISO/IEC 17025 accreditation. Their calibration standards must be traceable to SI units, usu-
ally through calibration services provided by NMIs or other accredited calibration labor-
atories. For these laboratories, participation in international comparisons, inter-laboratory
comparisons or PT plays a crucial role in validating their claimed CMCs and meeting the
requirements of accreditation assessment [111-117].

Accreditation bodies request accredited calibration laboratories to regularly partici-
pate in PT or inter-laboratory comparison (when PT is not available) to show their com-
petence in calibration [7]. Such PT can be conducted by an NMI or a commercial organi-
zation which offers PT services with ISO/IEC 17043 accreditation [7]. PT provides an ex-
ternal, unbiased check of a laboratory’s ability to perform accurate calibrations. Successful
PT results enable the calibration laboratory to be recognized internationally under the
ILAC MRA [118].

5.2. Financial and Legal Binding of Measurements

These calibration laboratories often provide calibration services or develop products
where precise measurements are legally or financially binding. Thus, their reported meas-
urement uncertainties and CMCs carry significant weight. To mitigate potential legal and
financial risks, industrial laboratories may need to declare uncertainties with a conserva-
tive margin. Liability and financial risk management influence the measurement uncer-
tainty declared by industrial calibration laboratories.
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In many industries, the calibration reports directly impact product quality, safety and
regulatory compliance. The uncertainty affects how reliable and trustworthy their meas-
urements are perceived to be. For example, any deviation in measurement in pharmaceu-
tical products could lead to a batch being rejected. In the aerospace industry, even minor
calibration discrepancies can result in catastrophic outcomes. As a result, industrial cali-
bration laboratories are under pressure to provide measurements with a high level of re-
liability, as reflected in the reported measurement uncertainty.

Overly optimistic uncertainty in calibration certificates means the laboratory could
have underestimated the true measurement uncertainty, resulting in a reported uncer-
tainty that is too small to be realistic. This could expose the laboratory to liability in legal
disputes or claims for damages. The measurement uncertainty also often has regulatory
implications; in many jurisdictions, products and processes need to conform to standards
and such conformance decisions are influenced by the uncertainty values. In this context,
measurement uncertainty becomes part of a risk management strategy. Calibration labor-
atories must ensure their uncertainty values have an adequate cushion against potential
errors.

5.3. Risk Management and Decision Rule

Industrial laboratories have to consider the potentially unknown uncertainty factors
in the calibration process. This is to protect themselves from potential legal claims or fi-
nancial repercussions. Thus, a conservative approach is often adopted in estimating the
measurement uncertainty. A safety margin, or uncertainty guard-banding, is included to
account for any unforeseen errors during calibration [119,120]. This decision rule can mit-
igate the risk of underestimating uncertainty. This conservative approach also helps to
ensure that their calibration reports comply with industry standards and regulations.
Measurement uncertainty with guard banding means adding a safety margin to the esti-
mated measurement uncertainty. Their final reported uncertainty (or CMC) includes a
margin factor to ensure their calibration results can comply with contractual obligations.

The priority of industrial laboratories is to ensure that their measurement results are
reliable with acceptable uncertainty. They need to focus on risk and responsibility. In the
automotive or pharmaceutical sectors, precise instrument calibration can affect product
performance or patient safety. In these cases, a measurement result with a reliable uncer-
tainty estimation is most important.

In industrial laboratories, uncertainty estimation and decision rules are tools for man-
aging legal and financial risk [119-121]. A conservative approach in declaring uncertainty
helps safeguard against disputes and legal challenges. This becomes an essential part of
the laboratory’s overall risk management strategy. ISO/IEC 17025 emphasizes that cali-
bration laboratories should identify, evaluate, and control risks that could affect the va-
lidity of calibration results or the reliability of decisions [5]. ILAC has published a guide-
line ILAC G8:09/2019 on the use of decision rules when issuing statements of conformity
to specifications or standards [122].

Participation in inter-laboratory comparisons or PTs enables a calibration laboratory
to compare its measurement results with peers or comparison reference values and to val-
idate its claimed uncertainties (with guard banding). The deviations detected in such com-
parisons can reveal sources of error which are not captured in the uncertainty budget.
Thus, participation in such comparisons is also a risk management tool for industrial la-
boratories.
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6. Research Laboratories: Pushing the Frontiers of Measurement Sci-
ence

Research laboratories in academia and industry operate under a distinctive paradigm
compared to NMIs and industrial calibration laboratories. While the calibration laborato-
ries typically focus on providing calibration services with legal liability, research labora-
tories primarily concentrate on advancing scientific understanding and technology. Their
role is to explore the limits of measurement science and develop cutting-edge methodol-
ogies for high-precision measurement [123-133].

Many NMIs also have research laboratories or R&D groups with a role distinct from
other groups that focus on routine metrology functions (e.g., performing calibration ser-
vice, maintaining national standards and supporting traceability chains). Instead, their
role is to advance measurement science, conduct cutting-edge research, and develop new
metrology standards using novel methods.

Research laboratories focus on the pursuit of knowledge and technological innova-
tion. In this context, their core objective is often to reduce measurement uncertainty to its
lowest possible levels, exploring new ways to push the boundaries of measurement pre-
cision and accuracy. Such research works are often highly experimental, leading to inno-
vations that could eventually revolutionize measurement techniques. Some of these re-
search findings have been used by NMlIs to develop new metrology standards (e.g., quan-
tum time standards [134-141], graphene electrical resistance standards [142-146], quan-
tum voltage standards [147,148], primary realization of the kilogram using a Kibble bal-
ance and XRCD [149-161], etc.).

6.1. Pushing the Frontiers of Measurement Science

Research laboratories focus on achieving the lowest possible measurement uncer-
tainty by developing novel measurement methods that outperform traditional ap-
proaches. This drive for superiority aimed to prove the scientific robustness of their work,
for instance, by achieving high measurement precision in fields like quantum technology,
nanotechnology, or space science.

Research laboratories have contributed to the development of metrology and pushed
the boundaries of measurement precision and accuracy. Research laboratories innovate
new measurement techniques to achieve smaller uncertainties. Their research findings
may ultimately lead to new instruments and methodologies with higher precision.

6.2. Benchmarking Via International Comparisons

Many research laboratories have participated in international comparisons, includ-
ing those pilot studies organized by the BIPM, SCs organized by RMO and inter-labora-
tory comparisons [77,78,81,162-165]. These comparisons allow research laboratories to
benchmark their measurement performance against NMlIs and other leading metrology
laboratories. They validate their measurement capabilities and identify areas for improve-
ment via the comparisons. Contributions from many research laboratories help drive new
developments in metrology. A few examples are given below to show significant devel-
opments in these areas:

- The Consultative Committee for Time and Frequency (CCTF) has initiated a roadmap
for redefining the SI second to enhance precision, accuracy, and long-term stability
of timekeeping. This initiative is driven by advancements in optical frequency stand-
ards, such as those based on '7'Yb and #Sr, which are intrinsically accurate at the level
of parts in 108, two orders of magnitude lower than that of traditional **Cs micro-
wave atomic clocks [166—170]. The redefinition aims to improve the accuracy and sta-
bility of International Atomic Time (TAI) and Coordinated Universal Time (UTC)



Metrology 2025, 5, x FOR PEER REVIEW

11 of 24

[12,164,167,170-173]. An international comparison of optical frequencies via a trans-
portable optical lattice clock and another comparison of optical clocks through very
long baseline interferometry (VLBI) have been conducted to check the consistency of
optical clocks at the fractional uncertainty of 10-'8 level on an intercontinental scale
[81,162].

NPL and the University of Cambridge had reported their work to develop a quantum
current standard using single-electron pumps [174]. They compared the electron
pump current with a reference current generated outside the pump cryostat, with an
uncertainty on the order of 1 ppm. This is an important work in Quantum Metrology
Triangle (QMT) experiments to check the self-consistency of the three fundamental
quantum electrical standards [163,175,176].

A pilot study on AC voltage comparisons was conducted in 2024 by the National
Institute of Standards and Technology (NIST) and BIPM [147,148]. The aim of this
comparison is to harmonize quantum voltage standards globally. This pilot study
focuses on quantum-based Josephson voltage standards to ensure consistency in AC
voltage measurements. The BIPM’s transportable Programmable Josephson Voltage
Standards (PJVSs) were compared to NIST’s Josephson Arbitrary Waveforms Syn-
thesizer (JAWS). They have achieved a type A uncertainty of a few parts in 10° for a
10 Hz sine wave at 2 V rms in this comparison.

Comparison between NIST and National Institute for Advanced Industrial Science
and Technology (AIST) has been conducted using Graphene and GaAs Quantized
Hall resistance (QHR) Devices [82]. In this work, several graphene QHR devices from
NIST were compared to GaAs QHR devices and a 100 Q standard resistor from AIST.
Comparisons between the QHR devices have been reported with uncertainties of less
than 5 nQ/Q.

An inter-laboratory comparison on quantum resistance (memristor) between 3 NMIs
and 3 research laboratories has been reported [165]. The results show the consensus
values of this comparison have deviations of -3.8% and 0.6% from the agreed SI val-
ues for the fundamental quantum of conductance, Go and 2Go, respectively. The con-
sensus values’ deviations from the SI values are well covered by their expanded
measurement uncertainty.

A comparison was conducted by four laboratories for measuring the detection effi-
ciency of free-running InGaAs/InP single-photon avalanche detectors (SPAD) at the
wavelength of 1550 nm [177]. The detection efficiency for the mean photon number
per pulse was between 0.01 and 2.4. The measured efficiency values by the partici-
pants are all consistent within the claimed uncertainties. This study is a good prepa-
ration for organizing future international comparisons of the detection efficiency of
single-photon detectors at telecom wavelengths.

Over time, research laboratories have been responsible for many breakthroughs that

form the backbone of modern measurement systems, such as the development of new

metrology standards for time (microwave atomic clocks and optical clocks) [178], the in-

vention of laser interferometry for precision dimensional measurement [179,180], etc. To-

gether with NMIs, research laboratories play a vital role in the advancement of precision

measurement technologies. Their work ensures that measurement science continues to

evolve and improve, benefiting industries and government agencies in the long run.

7. The Technical Value of International Comparisons

International comparisons also provide a unique opportunity for all participating la-

boratories to validate their measurement setups. When the same standard or artefact is

circulated among multiple laboratories, it allows each participant to confirm the
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consistency of their measurements. If a laboratory obtains a result that significantly devi-
ates from the consensus, it prompts an internal review. This discrepancy can lead to im-
provements in the measurement system. Thus, comparisons are a powerful method of
external validation.

Discrepancies in comparison results will trigger an investigation of the source of the
error. This could involve re-examining calibration procedures, identifying potential sys-
tematic errors, or revisiting the uncertainty analysis framework. Additionally, when a la-
boratory’s results diverge notably from others, it may prompt a re-evaluation of measure-
ment protocols or equipment maintenance schedules to ensure alignment with estab-
lished standards. Two case studies are given below to show this technical value.

7.1. Case Study: Phase Noise Inter-Laboratory Comparison

The first international comparison in the area of phase noise was held in 1993 [181].
More than 10 years later, another important international comparison for phase noise was
conducted and reported by Salzenstein et al. in 2006 [111]. This study involved various
industrial calibration laboratories and research laboratories across Europe and aimed to
assess the consistency and reliability of multiple phase noise measurement systems. The
preliminary results, published in the proceedings of the 20th European Frequency and
Time Forum, revealed disparities among participants that sparked valuable technical dis-
cussions.

As an illustration, we provide some results of this comparison in Figure 2. At 5 MHz,
one of the participating laboratories (B) shows a big deviation from the other participants.
After some investigation, this laboratory (B) found it was due to a technical issue. Three
other laboratories did not report their measurement uncertainties. The reported phase
noise levels appear to be quite similar across most participating laboratories.

Technical discussions were sparked due to these differences in the results. These dif-
ferences also led to modifications in some participants’ measurement setups and a deeper
understanding of the measurement process itself. The comparison facilitated not only per-
formance benchmarking but also the identification of best practices for phase noise char-
acterization. Such inter-laboratory comparisons are vital in niche areas like phase noise
metrology, where measurement complexity and system sensitivity make standardization
particularly challenging.

LR1 LR2 A B C D E F G H I LR2 LR1
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Figure 2. Single sideband (SSB) phase noise at 1 Hz offset from the 5 MHz carrier, in a phase noise
inter-laboratory comparison conducted in 2006 [111]. LR1 and LR2 represent the measurements car-
ried out on the two benches of the reference laboratory. One participant (B) identified an issue after
the comparison, which can explain the observed big deviation during the comparison. Three partic-
ipants (C, D, and F) did not report the uncertainty of their measurements, although their results

were consistent with the overall average. Participant E was unable to provide a result.
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7.2. Case Study: Comparison of Particle Charge Concentration and Particle Number Concentra-
tion

The European Association of National Metrology Institutes (EURAMET) organized
a pilot study for comparison of aerosol electrometers (EuURAMET comparison #1244) in
2013 [182]. This is the first comprehensive international comparison of particle charge con-
centration measured by aerosol electrometers for particle sizes from 6 nm to 200 nm. This
pilot study shows that some laboratories may have underestimated their uncertainties at
certain particle number concentrations, and that their relative deviations from the CRVs
exceeded their claimed uncertainty. The result of this comparison has led to a review of
uncertainty budgets and to the identification of other possible sources of measurement
errors (noise floor of electrometer, port bias error, sample flow rate error, etc.) to derive
reliable measurement uncertainty.

After this EURAMET pilot study, the CCQM organized the first and second KC for
particle number concentration and particle charge concentration in 2017 and 2024, respec-
tively (CCQM-K150, CCQM-K185) [85,183,184]. The results of CCQM-K150 and CCQM-
K185 show that many NMlIs have improved their measurement accuracy, and the esti-
mated uncertainties are more realistic, which ensures that their results agree with the
KCRVs within the uncertainties.

7.3. Discussion

International comparisons have helped to support continuous improvement in the
metrology laboratory. The deviation from the CRV can highlight potential bias errors in
their system or insufficient measurement uncertainty. Laboratories may need to develop
new calibration techniques to enhance their measurement system.

Such comparisons act as a catalyst for sustained improvement in measurement tech-
nique. This process of comparison, review, and improvement can enhance the quality of
metrology standards. NMIs can identify needs for better reference materials, more accu-
rate instruments, or improved calibration methods via such international comparisons.
This ensures that metrology can keep pace with scientific innovations.

8. Summary

We have given an overview of the critical role of international comparisons in the
global metrology system. Since the first international comparison of mass and length
standards in 1889, we have seen the impact of such comparisons on the development of
metrology standards. International comparisons ensure the precision, accuracy, con-
sistency, and mutual trust within the global metrology system. Measurement uncertainty
analysis is essential for interpreting the results of each participating laboratory in interna-
tional comparisons. Reliable uncertainty assessments and analysis ensure that various la-
boratories can demonstrate the equivalence of their metrology standards with CRVs and
validate their traceability to the SI. The data from each comparison needs to be analyzed
using appropriate statistical methods to identify outliers and derive a CRV with reliable
uncertainty.

This paper has discussed the challenges faced by NMIs, industrial calibration labor-
atories, and research laboratories. NMIs have relied on KCs, SCs and pilot studies coordi-
nated by the BIPM and CCs to ensure the mutual recognition of metrology standards and
traceability to the SI, which are vital for global trade and regulatory compliance. NMIs
have been developing quantum metrology standards and have organized many interna-
tional comparisons to validate the measurement uncertainties and precision.

Industrial calibration laboratories regularly participate in inter-laboratory or interna-
tional comparisons to validate their CMCs and meet ISO/IEC 17025 accreditation
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requirements. They also need to balance the claimed uncertainties with their risk manage-
ment, as their calibration reports would be subject to legal liability for compliance with
regulatory standards.

The focus of research laboratories is to push the frontiers of measurement science and
develop cutting-edge measurement techniques with breakthroughs in measurement pre-
cision. Research laboratories have participated in international comparisons to validate
their measurement result and benchmark their capabilities with other NMIs or research
laboratories.

We have given some examples of international comparisons to illustrate their tech-
nical value. Measurement result discrepancies uncovered during these comparisons have
driven technical improvements, the identification of uncertainty components, and the re-
finement of measurement techniques. This helps NMlIs to improve their metrology stand-
ards, leading to higher accuracy and more reliable uncertainty assessment.

It is known that large discrepancies have appeared in some international compari-
sons, which could be due to travelling standard drift, differences in measurement meth-
ods, environmental conditions, differences in traceability, etc. Sometimes these issues can
lead to large uncertainty of KCRV or CRV, arguments over the identification of outliers,
or a suitable statistical method for processing comparison data. In the future, it will re-
quire more mature measurement techniques, more stable artifacts, or more accurate ref-
erence standards to improve the results of international comparisons for those more chal-
lenging areas.

9. Conclusions

International comparisons are more than just technical exercises —they are founda-
tional to the integrity, coherence, and advancement of measurement science. They have
played a critical role in validating measurement capabilities, building public trust, sup-
porting international trade, enhancing scientific credibility, and fostering continuous tech-
nology innovation. Each stakeholder—be it an NMI ensuring global measurement con-
sistency, an industrial calibration laboratory providing calibration services, or a research
laboratory striving for scientific excellence —derives distinct yet equally vital benefits
from these international comparisons.

KC and SC protocols and final reports are all published to foster public trust in the
global metrology system. Comparison reports with satisfactory results reassure the public
that measurements are accurate and traceable. Regulatory bodies and industrial stake-
holders can benefit from this transparency and trust. Ultimately, this will support more
collaboration between nations to develop globally accepted metrology standards.

As science and technology continue to evolve, the role of international comparisons
in ensuring measurement traceability and validating measurement uncertainties will re-
main central. To build a robust global metrology system, we need to encourage interna-
tional comparisons with broader coverage of measurands, greater participation by more
laboratories, and deeper integration into scientific and industrial practices.
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PJVS
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QMT
SSB
TAI
TFPI
UTC
VLBI
1SO
QMS
LCS
CCU
CCEM
CCT
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