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Abstract – An architectural approach has been ex-
plored as a means to describe a system for manag-
ing a metrological process known as a hybrid com-
parison. This top-down approach, based on the in-
ternational standard for architectural description—
ISO/IEC/IEEE 42010—focuses on stakeholder con-
cerns and contrasts with the more common bottom-up
development of tools, services, and file formats typi-
cally seen in the metrology community. By clearly sepa-
rating stakeholder concerns, the approach also reveals
structural relationships with other external metrolog-
ical systems. This exploratory study suggests that the
perspective provided by architectural descriptions sup-
ports the coordinated development of digital metrolog-
ical systems.

I INTRODUCTION
The international metrology community has initiated a

digital transformation of national and international quality
infrastructures (QIs), which deliver traceable measurement
services where they are needed in society [1]. The inter-
national measurement system, including its associated QIs
and other organisations, presents significant challenges for
digital transformation because of its size and complexity.
So, a Forum on Metrology and Digitalization (Forum-MD)
has been established to advise the International Committee
on Weights and Measures (CIPM) on the development of
an SI Digital Framework and the wider implications of the
global digital transformation for metrology [2, 3].

One of the Forum-MD’s task groups is focused on
metrological semantics. As part of its initial activities, the
group looked at whether a top-down architectural approach
could help to describe the complicated and, in some re-
spects, unique nature of metrology as an enterprise. A rel-
atively simple metrological process, known as the hybrid
comparison (HC), was chosen as a case for study [4]. The
architecture of a system for managing HCs is interesting,
because the HC system must interoperate with other metro-
logical systems, thereby revealing some of the unique ar-
chitectural challenges in metrology.

The HC was developed by the Asia-Pacific Regional

Metrology Organisation (APMP). Management of HCs
currently relies on person-to-person exchanges and basic
digital tools such as email and office productivity software.
The semantics group’s objective was to describe a high-
level functional architecture for the HC system, which cap-
tures the essential conceptual features.

The ISO/IEC/IEEE 42010 standard for architectural de-
scriptions of systems and software was used in this work
[5]. The standard incorporates principles for architectural
description that support a structured approach to producing
meaningful and consistent documentation. The standard
also allows specialised architectural description elements
to be introduced for features that would otherwise be diffi-
cult to handle. Extensibility is attractive for metrology, as
the field has some unique concepts, such as measurement
uncertainty and metrological traceability.

This article summarises our experience of applying the
principles in ISO 42010 to describe the hybrid comparison
system. The remainder of the article is structured as fol-
lows. Section II introduces some of the main architectural
description elements in the context of the HC. Section III
looks in more detail at the challenges posed in describ-
ing the result of a comparison. Section IV discusses our
conclusion that architectural description is a useful tool for
metrology during and after the digital transformation pro-
cess. A short glossary is provided at the end.

II THE HYBRID COMPARISON
A HC evaluates the metrological compatibility of results

obtained independently during the comparison by two na-
tional metrology institutes (NMIs), each measuring a spe-
cific property of a comparison artefact. One NMI will al-
ready have an appropriate internationally recognised tech-
nical competency. So, the outcome of a HC may provide
evidence of a specific technical competency for the other
participating NMI. The HC results are published in a fi-
nal report, which may be used to support a future Calibra-
tion and Measurement Capability (CMC) claim under the
CIPM Mutual Recognition Arrangement (CIPM MRA). A
detailed description of the HC process is provided in an
APMP guide [4].
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The following subsections introduce some of the princi-
pal architectural description ideas (Fig. 1) within the con-
text of the HC.
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Fig. 1. Relationships between some of the principal ele-
ments used in architectural descriptions [5]. The entity of
interest in this work is a system for managing hybrid com-
parisons.

A. Stakeholders
Architectural requirements depend on the various needs

and interests of stakeholders in the entity of interest.
Among the stakeholders in a HC are those typically re-
ferred to as participants. A HC is bilateral, with two NMIs
participating in a comparison. One of them—henceforth, I-
NMI—has an existing CMC entry in the CIPM Key Com-
parison Database (KCDB) [6], recognising that its mea-
surement capability has been assessed and accepted by
other NMIs. The other—henceforth, A-NMI—does not
have a CMC entry. Accordingly, A-NMI participates in
the hybrid comparison to obtain evidence of their compe-
tence in a specific measurement capability (the future ap-
plication process to obtain a CMC belongs to a different
metrological system and is not considered here).

Other stakeholders include the chair of the technical
committee (TC-Chair) and the regional metrology organ-
isation (RMO) in charge of the HC. The RMO is respon-
sible for effective management of hybrid comparisons and
the publication of final reports. The TC-Chair has several
responsibilities: they review the initial HC application to
determine its acceptability and later evaluate the compar-
ison outcome, assessing the metrological compatibility of
the results. Variants of the HC process allow the TC-Chair
to appoint a third-party to assist in the technical evaluation
of results, and a member of the associated RMO technical
committee may be called upon to independently review the
final report. However, the TC-Chair may carry out these
roles themself; for simplicity, these alternatives are not dis-
cussed.

B. Architectural concerns
The particular interests of each stakeholder with regard

to the HC must be documented. These architectural con-
cerns may be shared among multiple stakeholders. An as-
sociative table, which matches concerns with stakeholders,
is an acceptable way to document this information, as it
allows for easy pairing with other architectural elements.
However, during our initial analysis of the HC, flexible
tools, such as mind-mapping software, were useful for col-
lecting and organising concerns.

A HC progresses according to a definite sequence. We
found it useful to divide this progression into three distinct
phases. In the first phase, A-NMI gathers the information
required to apply for a hybrid comparison. The I-NMI
must agree to this proposal before it is submitted to the
TC-Chair for approval. So, these stakeholders share many
concerns related to the information that will ultimately de-
termine the configuration of the subsequent HC.

The second phase involves measurements and the re-
porting of results by each NMI. In this phase, concerns
about impartiality arise. A strict protocol is followed to
ensure that all results are submitted to the TC-Chair before
A-NMI and I-NMI are permitted to access each other’s re-
sults. An example of a shared concern here is the need to
know precisely what stage the comparison is at. Addition-
ally, there are many concerns related to the representation
of scientific information that must be addressed. Reporting
formats must ensure the safe transmission of all important
details. Concerns here include: formats for unambiguous
representation of measured quantities, units of measure-
ment, and measurement uncertainties.

The third and final phase involves analysis and report-
ing. The A-NMI will analyse the comparison using in-
formation from its own results and those reported by the I-
NMI. This analysis includes an evaluation of the metrolog-
ical compatibility of the measured values from the NMIs.
A final report will be prepared by the A-NMI, incorporat-
ing this analysis, and submitted to the TC-Chair for ap-
proval. The TC-Chair will make a final assessment of the
comparison based on the report. The RMO will then pub-
lish the final HC report. Some concerns at this stage carry
over from earlier stages. For instance, unambiguous in-
terpretation of technical details reported by each NMI is
a prerequisite for the comparison analysis and the evalua-
tion of metrological compatibility. There are also concerns
related to publication of the final report. For instance, it
should be prepared in accordance with the FAIR princi-
ples, with particular attention to the associated metadata
[7].

C. Architectural views and models
Among the more valuable lessons learned in this project

is an appreciation for the role played by architectural views
and the concepts they entail. Views address one or more

214



stakeholder concerns and are intended to facilitate reason-
ing about them. They are representations of relevant fea-
tures of the entity of interest. Each view has a viewpoint,
which defines how the view is constructed, including no-
tations, modelling languages, and types of models used.
While views are often graphical, other forms are possible.

Although this description of views may seem dry, the
underlying concept is familiar—much like maps. A map
presents certain features of a landscape depending on its
intended purpose, such as navigation or land use planning.
The conventions used to create a map—such as symbols,
scale, and projection—define its viewpoint. A map’s leg-
end summarises the viewpoint by explaining what those
symbols and elements represent. Most readers will know
from experience that a good map—whatever the context—
eases navigation, whereas a poor one can be deeply frus-
trating. The same applies to views, which should be de-
signed to facilitate reasoning about particular concerns.

A view that summarises HC progression is shown in
Fig. 2. The viewpoint for this diagram is based on the stan-
dardised definition of sequence diagrams in the Unified
Modelling Language (UML) [8]. Summary information
is shown in a legend at the top of Fig. 2, which identifies
the stakeholders and distinguishes between synchronous
and asynchronous events. The view depicts a comparison’s
evolution in an intuitive way. It can frame participant con-
cerns, such as what has happened so far, what will happen
next, and which upcoming event will involve a particular
participant. A view may also serve to draw attention to
elements that have been overlooked. For example, in the
third phase, should the I-NMI approve the draft HC report
before it is submitted to the TC-Chair?

A view is composed of architecture view components,
each governed by a model kind or a legend defined in the
view’s architectural viewpoint. Model kinds determine the
conventions used to depict information. For example, the
UML defines rules for constructing sequence diagrams,
some of which are mentioned in the caption to Fig. 2.
Understanding these conventions enables the view to be
analysed effectively. Using well-established, standardised
model kinds facilitates collaboration.

III THE HC RESULT
The final analysis of a HC must assess the metrological

compatibility of results reported by the NMIs. Usually this
should involve a calculation of normalised error,

En =
|yA → yI|

k95 u(yA → yI)
, (1)

where yA and yI are the results reported by A-NMI and I-
NMI, respectively, u(yA → yI) is the standard uncertainty
in their difference, and k95 is a coverage factor for a 95 %
level of confidence that depends on the degrees of free-
dom each NMI has reported for their result [9]. A value
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Fig. 2. An architectural view of a HC in the form of a UML
sequence diagram. Time progresses from top to bottom.
The three main stakeholders are represented by rectangles
in vertical lanes. Events are shown as horizontal arrows
between stakeholders. HC phases are identified in the top
left corner of the corresponding frames.

of En > 1 suggests that the uncertainty associated with
one or both results has likely been underestimated. How-
ever, a precondition of the HC is that the competency of
I-NMI is accepted without further scrutiny. So, En > 1

will be interpreted as a problem with A-NMI’s measure-
ment capability.

An architectural description should include a representa-
tion of the information required to evaluate the normalised
error. This requirement exposes features of common inter-
est in metrology, and indeed in scientific communication
more broadly. The features are reflected in the architec-
tural concerns of the NMIs and the TC-Chair throughout
the HC.

For example, the property measured in a comparison—
the measurand—must be unambiguously identified. This
is a concern initially, when the application to carry out a
HC is prepared and assessed, as the CMC service category
attributed to I-NMI’s competency must be validated for a
measurand. During the measuring phase, the reported re-
sults must be clearly associated with the measurand. In the
final phase, results must be extracted from the NMI reports
for evaluation of normalised error. At present, however,
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there is neither a standard model kind nor a widely ac-
cepted convention for expressing specific measurands. Nor
are unique digital identifiers for measurands yet available.

Equation (1) requires evaluation of the standard uncer-
tainty in the difference yA→yI. However, this entails fusion
of data from A-NMI and I-NMI, which depends on the in-
teroperability of their respective reporting formats. This is
a concern for A-NMI, who drafts the report, and the TC-
Chair who assesses the validity of the results. Again, there
is neither a standard model kind nor a widely accepted con-
vention for expressing the information required. Indeed,
we believe the uncertainty in the difference is not calcu-
lated in practice. Instead, the denominator in Equation (1)
is replaced with √

U
2
A + U

2
I (2)

where UA and UI are expanded uncertainties reported by
A-NMI and I-NMI, respectively [9]. This calculation is
only correct when the same coverage factor, k95, was used
to derive the expanded uncertainties, and when the mea-
surements are free from common influence factors (uncor-
related). These conditions must be verified, yet there is
currently no standardised form or convention for recording
the information necessary to enable such verification.

The reporting of measured physical quantities should
conform to the International System of Units (SI) [10, 11].
This is necessary to reconcile unit usage during data fu-
sion. An unambiguous reporting format for measured
quantities is the concern of NMIs and the TC-Chair, and
may also be a concern of anyone who consults the pub-
lished HC report. However, there is a problem with com-
pliance to SI norms [12], and in any case, official SI for-
mats cannot be reliably parsed by digital systems [13]. Yet
again, we encounter challenges to a clear architectural de-
scription of these concepts.

IV DISCUSSION
Even the relatively small and simple HC system requires

substantial documentation to adequately capture its func-
tional architecture. It was not our objective to do this.
Rather, the aim of this project was to explore the bene-
fits of an architectural analysis of a metrological system in
the context of widespread digital transformation. Our con-
clusion is that such an analysis certainly can be beneficial.
This section will outline our reasons for this view.

An architectural description uses a set of concepts to
express the architecture of a system. This is an abstract
representation that incorporates suitable architectural ele-
ments to build useful descriptions of a system, which may
be perceived in different ways by different stakeholders.
The description is anchored to the needs of those stake-
holders, whose concerns must be taken into consideration
in the requirements for system design.

To ensure our analysis remained grounded, we found a

simple pattern—suggested by Ross and Schoman—to be
very helpful [14]. It involves systematically, and often re-
cursively, posing three questions about the system element
under consideration: why is the element needed and for
what purpose; what will be done to meet that need; and
how will the outcome be implemented or designed.

The analysis in this work started at a high level—the
purpose of a HC—and became increasingly fine-grained.
This ensures that any particular element of the architec-
tural description can be related to a specific need or pur-
pose, typically associated with a stakeholder concern. This
is important to enable coordination of widespread digital
transformation.

Many of the concerns identified here will likely be ad-
dressed by other systems in the wider quality infrastruc-
ture environment. A formal mechanism to capture such
relationships in an architectural description is known as el-
ement correspondence. Element correspondences can be
used to establish architectural relationships between ele-
ments in different parts of a description, or across the de-
scriptions of distinct systems. In this way, the HC system’s
relationship to another distinct system could be recorded,
and those responsible for other systems can be made aware
of the HC requirements.

An architectural description can also highlight points
where architectural decisions need to be made. For exam-
ple, some readers may have felt, while reading Section III,
that solutions to some of the concerns raised are already
available. That may be true, though we might disagree.
However, where alternatives solutions exist, it is very use-
ful to capture the reasoning behind the choice of one so-
lution over others. Doing so contributes to a much more
resilient system design. Therefore, it is important to doc-
ument concerns and subsequently capture the specific de-
sign decisions made to address them.

To conclude, the top-down architectural description is
an insightful and valuable tool for analysis of metrological
systems. The ISO 42010 standard is a useful tool for archi-
tectural descriptions in the metrological context. Further
work is needed to define suitable representations—model
kinds—of core metrological concepts, such as measurable
quantities, units, measurement modelling, and measure-
ment uncertainty. Nevertheless, the development of ar-
chitectural descriptions of metrological systems need not
be delayed until these core concepts are fully defined, be-
cause, as highlighted here, concerns and correspondences
can be employed to manage design elements that remain
unspecified.
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GLOSSARY
This section summarises specific terms used in this pa-

per, with references to their authoritative definitions.

architecture view [5, §3.7]: a way of expressing a por-
tion of the architecture of an entity of interest from a
particular viewpoint.

architecture viewpoint [5, §3.8]: rules, methods, and
criteria used to create architecture views of an entity
of interest relevant to one or more concerns. Includes
model kinds, modelling languages, notations, and an-
alytic techniques that can frame a specific set of con-
cerns.

concern [5, §3.7]: a matter of importance or relevance to
a stakeholder.

entity of interest [5, §3.12]: The subject of the architec-
tural description—often a system of interest. An En-
tity of Interest operates within a defined environment.
In this paper, the entity of interest manages hybrid
comparisons and operates in an environment with var-
ious services provided by the international quality in-
frastructure and regional metrology organisations.

metrological compatibility [15, §2.47]: property of a
set of measurement results for a specified measur-
and, such that the absolute value of the difference of
any pair of measured quantity values from two differ-
ent measurement results is smaller than some chosen
multiple of the standard measurement uncertainty of
that difference.

model kind [5, §3.15]: a category of model distin-
guished by a set of conventions defined for a type of
view component.

stakeholder [5, §3.17]: an individual, or organisation,
with interests in the entity of interest.

view component [5, §3.19]: a view is comprised of view
components (models), each in accordance with a
model kind.
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