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Welcome to the National Physical Laboratory



Counting

 Hugely important milestone in human development 
 Arguably the first ‘measurement’ process

 Until recently outside formal metrology structures 
perhaps because of a distinction between:
 Measurement as a process and a measurement result
 Countable aggregates and continuous quantities 

 Redefinition of the mole brought counting into sharper 
focus

The 22 000 year-old Ishango bone
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Thinking has developed since 2000

“What is not a measurement?
There are some processes that might seem to be 
measurements, but are not. […] Counting is not 
normally viewed as a measurement.”

 We now see counting as a measurement process & 
understand it can fit into the structures of metrology

 But we don’t have clear agreement on nomenclature
 Confusion between processes (counting) and 

quantities (number)
 The lack of descriptive ‘units’ remains a challenge, 

especially for digitalisation



Counting / number is essential in the SI

 Counting / number underpins the definitions 
of the second and the mole

 The defining constant ΔνCs is the constant of 
proportionality (or ‘concept synthesizer’) 
between time and number (of transitions) 

 Similarly, NA is the constant of proportionality 
between amount of substance (AoS) and 
number (of elementary entities)

 It is useful for practical measurement that 
mol, K and cd have independent dimensions 
within the SI (and different from number)
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“…for special problems it may be advantageous to increase 
the number of fundamental quantities above the usual 
number. It can sometimes be useful in dimensional analysis 
to regard the number of atoms as having dimensions 
different from a pure number”

E. A. Guggenheim (1942) Units and 
Dimensions, Phil Mag, 33, 479-496 

Early identification that amount 
of substance and number might 
be usefully distinguished 



Why is counting a bit different? 
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 Before we can count ‘some things’, we must decide what counts as ‘something’!



The problem of identity

 A consideration for countable aggregates
 The generic ‘number’ and ‘amount of substance’ 

mean less than ‘length’

 Must sufficiently specify what is being counted 
 ‘Number of fish’, ‘amount of substance of nickel’

 ‘Number of fish’ requires elaboration (sad, old, 
red…) in a way that ‘nickel’ does not 

 Elaboration via documentary standardization
(method-defined measurands)

number

amount of substance



Why can we not have a mole of fish?

 14th CGPM (1971) agreed the mole as the 7th SI base unit 
 Distinguished intensive & extensive quantities in chemistry
 Brought chemistry formally within the SI – equating 

microscopic and macroscopic stoichiometry

 Gave amount of substance its own dimension
 Basis for distinguishing between AoS & number (of 

elementary entities)
 The mole is not just a name for a large number

 The redefinition of the mole was a reminder of these issues

Amount of substance

Mass

Length

Number



We cannot have a mole of sand grains or eggs either…



We cannot have a mole of sand grains or eggs either…



We cannot have a mole of sand grains or eggs either…



The key characteristics of the mole

 We use the mole, rather than a count of molecules, because it is useful & meaningful
 Two parts of the definition are salient to this distinction  

SI Brochure, 9th Edition



Elementary entities

“Elementary entities”: restricts the things that may be described to those that could take 
part in stoichiometric chemical reactions together and are sufficiently elementary that it 
is possible to define an identical set for the purpose of such a reaction

 Atoms, molecules, ions, electrons…
 There is no identity consideration – nickel atoms are identical (give or take isotopes, 

which may also be specified unambiguously)
 As molecules become larger, and chemistry moves into biology, there comes a point 

where it may be more expeditious to use number, mass or activity-based quantities

amount of substance number, mass, activity



Of a system

 A good example might be the gaseous composition of 
the troposphere 
 Reactions occur between these collections of 

molecules, relevant to state: the amount fraction of 
ozone is 30 nmol/mol

 A bad example might be the presence of helium in the 
interstellar medium
 Derives no benefit from the reasons the mole was 

introduced, better as: the number concentration of 
helium atoms is 100 m-3
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“Of a system”: implies the elementary entities considered are located in close enough 
vicinity such that they could, in theory, react or interact with each other stoichiometrically



Could we not still use a ‘count of molecules’?

 A mole is used when it is useful and meaningful to consider elementary entities 
together, in a system

 Useful means that expression in amount of substance terms provides information or 
context to another property that is of interest

 Expressing as a count loses the benefits of the dimensionality of amount of substance 
 Prefixes zepto and yocto were introduced to allow the mole to be used at very low 

amounts of substance rather than referring to molecules

Mise en pratique for the definition of the mole in the SI, 2019



Considerations for counting / number

 Number quantities have only one unit to express them ‘1’: we rely on a clear 
description of the quantity being described

 Standardizing nomenclature for number quantities & some ‘units’ downstream of 
the SI would be beneficial (especially for digitalization)

 Traceability does not require an etalon, established through appropriate, 
validated measurement procedures 

 Problems with hierarchy as there is no ‘unit’ to curate and often no traceability 
to disseminate if ‘method defined’

 CIPM MRA can’t own all number quantities (unlike for all length quantities), but 
important number quantities should be identified for ownership

 The majority of these are likely to relate to chemical and biological measurement
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What number quantities could the CIPM-MRA ‘own’ 
(c.f. CCQM discussion on ‘method-defined’ measurands)

 The measurand must be internationally agreed and 
specifically defined in the field of application

 The measurand must be a stable reference point in time 
and not dependent on a specific reference material

 The method, as applied at an NMI/DI, is considered the 
highest point of reference within a calibration hierarchy 

R. J. C. Brown & H. Andres (2020) 
Accred. Qual. Assur. 25, 161-166
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