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‘Big Data’, ‘Industry 4.0’, the ‘Internet of Things’, the ‘Factory of the Future’, ‘Data
Science’, … : there seems to be an expectation that we can achieve remarkable
things with just data! In as much as physical measurement is involved, MSL is
interested in monitoring this trend and to contribute our metrological know-how to
emerging technologies.
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Questions:
• How can digital technology transform measurement services
delivered by national metrology institutes?
• What new ways are there to obtain and analyse measurement data?
• How can metrological information be shared to promote innovation?

Answer:
• Develop appropriate digital representations for measurement data

These questions have been posed by the forum organisers.
I shall return to these questions towards the end of the talk.
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Appetite for applications
Traditional knowledge building?

National quality infrastructure – nearly invisible
Disruptive digital technologies!
Measurement data is becoming widely available. Easy access is matched by an
increasing appetite for ‘applications’ that consume and act on data.
Naïve ‘consumers’ appear unaware of traditional knowledge building processes.
First, develop an hypothesis, then test it with data; nowadays, data may be taken ‘as
is’ – the relationship between data and the real world is ignored. There is an
expectation that large volumes of data + statistical methods (i.e. data processing)
can work wonders. Data quality is, however, a major concern!
In our society, critical decisions based on measurement data are made incessantly.
The reliability of these decisions is supported by the national quality infrastructure
(NQI) – a network of standards, calibration and testing labs., accreditation bodies,
legal metrology authorities and documentary standards organisations. We trust the
NQI implicitly, even ignore it; but we would soon notice if it disappeared.
Emerging digital technologies will disrupt measurement infrastructures. They offer
opportunities to do much more with measurements; but they also present risks. The
way that NQIs operate today is person-centric; but that will have to change. We
need to build trustworthy autonomous digital measurement systems that can
operate within NQIs.
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So, let’s start by looking at some data.
These are two representations of the same thing.
We can read the lower representation and we may discern two length quantityvalues (expressed on different length scales) and one dimensionless quantity.
But, what could one possibly do with this data? How does it relate to the physical
world? Even if we had millions and millions of similar data sets, what could one
usefully do? Clearly, something is missing.
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Self-evident

Meaningful

Useful

Representational

Many of you will now instantly recognise this third representation as geographical
‘information’ about relative location and topology. The interpretation is now selfevident, but only because the representation has been given a meaningful context.
Understanding the context, we may derive other information. With a gradient of 11
in 100, there is about another 220 m to climb; current altitude is therefore close to
1500 m (assuming that the altitude is stated at the location of the ‘col’ and not the
present location – note this is an ambiguity). At an average pace of 10 km/hr, we
would expect to arrive in about 12 minutes.
The point is, measurement data is purely representational: it is an abstraction of the
physical world. Contextual information – metadata – must accompany measurement
data to convey meaning. In practice, the context is often implied by external factors
(such as system design rules, standards, etc).
(I find this very impressive. Milestones were introduced in Roman times (if not earlier): the
information is language-independent; access is unrestricted; it is hard to tamper with; official, but
there is no guarantee of accuracy/correctness.)
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Measurement serves a purpose, in context
Consumer

Provider

Consumer

❖ I need to know … (there is a purpose)
❖ What information about the real world do I need?

❖ I can measure that quantity (or related quantities)
❖ The measurement process is accurate to … (quantitative statement)

❖ Can I determine the quantity I need to know from the data provided?
❖ Does the measurement data serve my purpose?

The requirements for context are set by the need for measurement. Usually, there is
a decision to be made, based on information about real-world quantities. Contextual
information must allow interpretation of data for that purpose.
The consumer needs information; the provider must offer an appropriate
representation of the measured data.
However, measurements are often performed before the needs of the ultimate enduser are known (e.g., a calibration report). So, a “useful” representation must be
prepared, accompanied by sufficient information to determine fitness-for-purpose
by the end-user.
For instance, the milestone was ‘provided’ for ‘typical’ consumers, not in response to
a specific request.
Note too, that 17025 requires that the provider understand the consumer need and
be able to meet it (17025:2017 Clause 7.1.1 Review of requests and tenders).
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An example: getting food to the table
Credit: Natasha Hanacek/NIST

www.nist.gov/blogs/taking-measure/getting-food-our-tables-us-and-around-world-safely-and-less-wastefully

Here is an example of the challenges we now face. (From a recent NIST blog.)
It depicts a fresh-produce supply chain: from the farm, through testing and shipping,
to the point of sale. Measurement (temperature, humidity, etc) captures physical
information as well as logistical data; testing against standards is digitised, etc, etc.

There are substantial challenges. To quote from the blog (my emphasis) ,
“… a community of stakeholders, including food manufacturers, IoT device-makers
and operators in the food supply chain, needs to find a meaningful and feasible way
of representing … data to assure it is communicated and interpreted as intended.”
NIST had to identify requirements, harmonise terminologies used to characterise
states, and differences between existing standards used at different places in the
supply chain. They helped to produce a whole new standard!
Now, they are working on “… an efficient data exchange standard for the IoT
sensors.” So that “IoT devices […] will be able to talk in real-time to the food supply
chain partners about the state of the food being shipped.”
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The benefits could be huge: “addressing drivers of food waste can slash the value of
food lost and wasted every year globally by nearly $700 billion.”
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Data Interoperability
❖ “operability”: that data is adequate for a task
❖ “interoperability”: indifference (for a task) about data provenance
How can measurement data be made “interoperable”?
•

By standardisation

•

By modularisation

A challenge then is to design good modular
components to represent physical measurement data.

Data “interoperability” is a common desiderata; it is intended that different data sets
may be used for the same purpose.
There is an art to designing good modular components. A component should be
simple to use, while retaining the ‘characteristics’ (representation) of it’s function.
Thus a milestone is a quintessential signpost; a lego brick is a building block that any
child can use; and your calculator appears to manipulate real numbers (we ignore
the logic required to implement that).

8

Metrologically
Traceable Data
is Interoperable

The ability to demonstrate the
accuracy of a measurement in
terms of its expressed units.
Nicholas & White, Traceable Temperatures (Wiley, 2001)

In fact, metrologically traceable data is “interoperable”: the information that
accompanies traceable data can be used to establish whether consumer
requirements are met, or not.
The very raison-d’etre for NQIs is to provide a basis for sound decision-making in
society. This requires metrological traceability and rigorous quality control.
The official (VIM) definition of traceability below does not make this interpretation obvious, however
we will see things more clearly in a few slides:
Metrological traceability: property of a measurement result whereby the result can be related to a
reference through a documented unbroken chain of calibrations, each contributing to the
measurement uncertainty.
Calibration: operation that […] in a first step, establishes a relation between the quantity values with
measurement uncertainties provided by measurement standards and corresponding indications with
associated measurement uncertainties and, in a second step, uses this information to establish a
relation for obtaining a measurement result from an indication.
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National Quality Infrastructure => Trust
Calibration and measurement reports are issued under
strict quality control.
Measurement processes are accepted as valid, and the
individuals involved as competent, following expert
technical assessment.
Formally and independently recognised as “correct”.

Endorsement adds trust to the relationship between consumer and provider; the
NQI endorses a provider’s claims.
Without this endorsement, the consumer will incur higher costs (either to verify the
consumer claims some other way or to risk the undesirable consequence of those
claims being false) and the supplier will incur higher costs (to find consumers, e.g.,
the need to convince each consumer independently).
Note, that endorsement gives reason to be confident about the correctness of the
processes used to obtain and report the data, but it only contributes indirectly
interoperability.
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✓ Units / Quantity
✓ Accuracy
✓ Trust

It is the scientific aspects of traceability that are necessary for interoperability.
• First, the measurand is identified – the quantity of interest must not be
ambiguous, nor the conditions in which it is measured.
• Second, the measured value is related to a unique physical reference (the SI units
are internationally recognised, which contributes to ‘interoperability’).
• Third, measurement uncertainty objectively describes accuracy.
Clearly, an immediate challenge facing NQIs is automation of the reporting
processes. Digital representations of the information currently intended for human
consumption must be developed. Another speaker will discuss this.
At MSL we have been looking at questions of representation. Specifically, at modular
representations of measured quantities.
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Standardising metrological traceability
Unit definitions

Nodes represent
physical quantities

Nodes are interoperable
Result

Edges communicate
information

Here is one representation of metrological traceability. The traceability tree is a
network of nodes, each representing a physical quantity. Starting with definitions of
the SI units at the top, then the various mise-en-pratiques, and ultimately to an enduser.
At each node we have information about a physical quantity.
Tree branches represent channels of communication – currently paper calibration
reports!
To be an interoperable system, it must be acceptable to replace one node with a
suitable alternative (c.f., plug-and-play in domestic appliances).
This is indeed possible. The CIPM and ILAC MRAs require that measurement claims
in one jurisdiction be recognised by all other signatories.
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Traceability involves measurement models

Taking a closer look, each node associates a quantity with an expression that
describes the measurement process in terms of other quantities. (Many of these
influence quantities are better thought of as residual measurement errors. We do
not show it here, but the network is really full of other nodes, representing influence
quantities and errors.)

In principle, the end-user equation incorporates all preceding expressions (by
functional composition).
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Traceability accounts for the provenance
of measurement errors.

Measurements estimate measurands; measurement errors accumulate along the
traceability chain.
The end-user needs to be able to assess the risk of undesirable outcomes when
making a decision, so measurement errors must be accounted for. That is the
purpose of reporting the results of an uncertainty analysis.
Current practice is to report an uncertainty that characterises the magnitude of
combined error at each step. Yet much more information is available.
One of the opportunities offered by new digital technologies is to exchange
information about all the influences and errors. Then we could properly account for
the provenance of errors and allow correlations to be handled correctly.
MSL has technology for this. It provides an abstract representation of measured
physical quantities, called Uncertain Numbers, that hides the underlying complexity
and is compatible with the GUM.
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Keeping track of units and quantities.

Another challenge in automated systems is to ensure that physical quantities are
handled correctly. Bad things happen when raw numbers are used to represent
physical quantities in digital systems: the loss of the NASA Mars Orbiter in 1999 is
one famous example; the Gimli Glider is another.
The representation of ‘physical quantity’ is problematic. Quantity-correctness in
software has been an elusive goal for decades. Misconceptions about dimensions
and quantities have plagued attempts to provide algorithmic support for quantities
and units.
We think we have a pragmatic solution to offer.
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In answer to those questions …
•

How can digital technology transform measurement services delivered by national metrology institutes?

Deliver detailed information, quickly and in digital form, to enable better end-user
decisions.
•

What new ways are there to obtain and analyse measurement data?

Model residual errors and influence quantities and track their influence through the
traceability tree to enhance the quality of information available to end users.
•

How can metrological information be shared to promote innovation?

By producing interoperable digital data: develop and disseminate standardised
representations that enshrine basic metrological principles.

These are my answers to the forum questions.
In the next few slides, I will show what MSL is doing in this area
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github
https://github.com/MSLNZ
GTC: a mature project for handling data
and uncertainty simultaneously
An exemplar for modular components
that represent the traceability of
measured quantities.
Quantity-Value: an early-stage project
that enforces quantity-correctness in
equations.
An exemplar of a modular software
component to represent physical
quantities.

MSL has two open-source software projects addressing the abstract representation
of measured quantities in digital systems.
One is the mature “GUM Tree Calculator” (GTC) project, which provides an abstract
representation of measured quantities, encapsulates traceability, and automates
rigorous evaluation of measurement uncertainty.
The other is the early-stage “Quantity-Value” project, which provides support for
quantity-correct equations. It defines abstract representations for quantities and
units and supports the notion of a “quantity value” – a pairing of a magnitude with a
known unit for the quantity.
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Metrology for data interoperability in industry 4.0
Special session at the next Metroind40iot conference

We are organising a special session at Metroind40iot to provide a forum for
discussion about these issues next June (see: http://www.metroind40iot.org/specialsession-9). This will bring together metrologists and engineers from the domain.
Here is the session outline:
Interoperability is often a highly desirable property; in broad terms, inter-operable
entities are interchangeable for particular applications. Modularisation and
standardisation are classic engineering routes to interoperability: components that
conform to a standard are intentionally inter-operable. But, how can this apply to
measurement data in industry 4.0? What is needed to provide inter-operable
measurements between different machines or even between factories in different
countries? Can such a wide domain as 'measurement' be standardised?
These questions must be discussed in the context of current and emerging digital
technologies, while keeping the basic principles of measurement science in mind.
Society already has sophisticated measurement infrastructures that provide critical
measurement information where it is needed; these 'national quality infrastructures'
(NQIs) are delivering interoperability, but not yet to the digital world. The challenge,
and opportunity, is to now extend NQIs to the digital economy.
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This special session invites contributions to the discussion. Topics include (but are not
limited to):
*
*
*
*
*
*
*
*
*
*
*
*

Measurement information infrastructures
Metadata, thesauri and ontology concepts in industry 4.0
Calibration of digital systems
Digital calibration certificates
Digital representations for physical quantities and units
Curation of measurement data in industrial sensor networks
Novel concepts for third-party accreditation using digital technologies
Representing measurement requirements and tolerance for error
Metrological traceability in digital systems and sensor networks
Metrological evaluation of autonomous system performance
Co-calibration and related concepts for on-line calibration
Untraceable measurement data
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Importance of Measurement and Data Uncertainty
from Sensors and IoT systems in Digital Agriculture

A multidisciplinary research project led by scientists at the Crown Research Institute

AgResearch. Members of the group have skills in statistics, engineering, modelling,
anthropology, economics, sociology and metrology.
The research programme is investigating ways of incorporating uncertainty in decisionmaking systems in a digitally enabled agriculture system.

This is an example of what is being called ‘precision agriculture’.
This project is part of AgResearch’s New Zealand Bioeconomy in the Digital Age
(NZBIDA) programme, which is funded by the New Zealand Government’s/MBIE’s
Strategic Science Investment Fund (SSIF).
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Measurement Information Infrastructure

We are a member of an NCSLI group called Measurement Information Infrastructure
(NCSLI Committee – 141).
There are about 150 members, from the test and measurement industry, instrument
manufacturers, systems integrators, etc.

The group is currently trying to bring order to the quite diverse information
published in “Scope of Accreditation” documents across the world. They are trying
to assemble a taxonomy of measurement procedures. Although we are not actively
engaged in this endeavour, we exchange ideas with the group on a regular basis.
I chose to finish with this slide because the title evokes my own vision: that
metrologists will design a fit-for-purpose Measurement Information Infrastructure.
We need more of this: collaborations that will build and the components for a new
digital quality infrastructure.
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