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International Metrology 

In what sense is metrology international? 

• Measurements made in your lab need to agree with measurements elsewhere 
• Uncertainties claimed must be accepted internationally 
 
 

Why? 
 
• International trade:  measurements made across the globe must agree 
• Scientific discovery:  measurements must agree 
 

Some other examples 
 
• For monitoring of health, measurements must agree 
• For monitoring our environment, measurements must agree 
 



The "Royal Egyptian Cubit" was decreed to be equal to the length of the forearm 
from the bent elbow to the tip of the extended middle finger plus the width of the 
palm of the hand of the Pharaoh or King ruling at that time. 

The "Royal Cubit Master" was carved out of a block of granite to endure for all 
times. Workers engaged in building tombs, temples, pyramids, etc. were supplied 
with cubits made of wood or granite. They were required to bring back their cubit 
sticks at each full moon to be compared to the Royal Cubit Master.  Failure to do 
so was punishable by death.  

The Cubit 

Historical Units 



Many early measures were based on natural objects 

 

Carob seeds, used to 
derive the carat 

Chinese length 
standards based on 
the resonance tone 
of ‘standard’ 
bamboo whistles 
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Presentation Notes
The cubit is perhaps the oldest and longest-lived example of a standard measurement unit. The oldest documented cubit is the Egyptian royal cubit—traced back to 2750 B.C. and used for about 3,000 years. And the Egyptians took their cubit seriously. In fact, it has been reported that: " The death penalty faced those who forgot or neglected their duty to calibrate the standard unit of length at each full moon...” 1
To measure volume, people would fill containers with plant seeds which were then counted. When means for weighing were invented, seeds served as standards. For instance, the carat, still used as a unit for gems, was derived from the carob seed.
In China, some 3,500 years ago, a system of standard instruments for measuring length, mass, and volume was created. A special organization was established with the responsibility for checking the accuracy of these instruments twice a year.  The Chinese may also have been the first to use an unvarying physical constant as a standard of measure. Similar to the way we now use the distance light travels in a second as a length standard, 2,700 years ago the Chinese used the resonance tone of bamboo whistles to ascertain a length standard.2



Ancient time keeping – Chinese Incense Clock 

• Sequence of bells tied to a 
horizontally mounted burning 
incense  
 

• When incense burns & breaks 
the threads, the bells fall at 
preset interval to sound an 
alarm 

香鐘, 香钟, xiāng zhōng 

Song Dynasty (960-1279)  

Historical Units 
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http://upload.wikimedia.org/wikipedia/en/e/eb/IncenseAlarmClock.JPG


The Metric System was Born in the Spirit 
of The French Revolution in the 1790s 

• A measurement system based based on 
equality and natural law 
– Meter: 1/10,000,000 of Earth’s 

meridian (North Pole to Equator) 
– Kilogram: weight of 1/1000 cubic meter 

of pure water 

• Nationalistic systems to be replaced by 
internationally accepted one Storming of the Bastille 

July 14, 1789 

The International System of Units (SI) 

Both of these principles remain at the center of the SI today. 
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Presentation Notes
To many people, the defining feature of The Metric System is the decimalization—multiples and subunits being in powers of 10.
However, that misses the bigger picture.
The Metric System grew out of the world view of the French Revolution in the 1790s. At the time, there was a hodge-podge system of measurements around the world, and many of them were based on the sizes and whims of local monarchs.
The ideal of the Metric System of measurement was twofold:  first, the units of measurement should be based on natural law, not the sizes of monarchs, and second, the units should be accessible to everybody and used by everybody, internationally. If you remember the expression “Liberté, égalité, fraternité,” the first ideal reflects egalitarianism, while the second ideal vaguely reflects Fraternity—that this system was meant to benefit the common good, not just France.
Both of these principles remain embedded in the metric system (SI) today.
Technically, there were two competing approaches as to what the unit of length—the meter—should be. One had the “meter” being the length of a pendulum with a half-period of 1 second, at a particular place and elevation. The other had it being based on the size of the Earth, 1/10,000,000 of the distance from the North Pole to the Equator.  The latter eventually won out.
On December 10, 1799 (a month after Napoleon's coup d'état), the law by which metric system was to be definitively adopted in France was passed. There was considerable resistance to it at first, and it was not made mandatory in France until 1837.



Realizing the meter 
Survey of the Earth, 1792–1799 

Pierre Méchain 
(1744–1804) 

Jean-Baptiste 
Delambre (1749–1822) 

Survey of the Meridian, Dunkirk to 
Barcelona 

The International System of Units (SI) 
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Well, it’s one thing to say that a meter is 1/10,000,000 of an Earth half-meridian, and it’s quite another to know what that length actually is.  This is the essential problem that has continued to modern times: the definition of a unit of measurement, versus actually using that definition to arrive at something useful.  This process is called “realizing” the unit, and it’s always a challenge to get the realization close to what the ideal might be.

These guys—Delambre and Méchain—were the first people to ever realize an SI unit. (Pointing to Méchain:  I don’t know that the wig and robe were part of the job description.)  They were eminent astronomers and mathematicians. Without going into the technical details, they used survey instruments to determine the distance between the cities of Dunkirk and Barcelona along the geoid (the hypothetical, round, sea-level Earth). Both cities were nearly at sea level, both cities were at about the same longitude, and—even sweeter—the line between them went through Paris. Delambre and Méchain determined the latitudes of the cities, then the distance between them by using many triangulations. Delambre measured the northern half of the route, Méchain the southern half.

At the end of 1798, an international scientific committee (including representatives from the Netherlands, Denmark, Spain, Italy, and Switzerland) reviewed the data, and in mid-1799 announced the results.

We had ourselves a “meter” — what we call today the “committee meter” — and the “metric system” could be legally adopted, as it was on December 10, 1799.



Treaty of the Meter, 1875 
First, set up a system of international governance 

The Convention of the Metre (Convention du Mètre) is a treaty that created the International 
Bureau of Weights and Measures (BIPM), an intergovernmental organization under the 
authority of the General Conference on Weights and Measures (CGPM) and the supervision of 
the International Committee for Weights and Measures (CIPM). The BIPM acts in matters of 
world metrology, particularly concerning the demand for measurement standards of ever 
increasing accuracy, range and diversity, and the need to demonstrate equivalence between 
national measurement standards.  
 
The Convention was signed in Paris in 1875 by representatives of seventeen nations. As well 
as founding the BIPM and laying down the way in which the activities of the BIPM should be 
financed and managed, the Metre Convention established a permanent organizational structure 
for member governments to act in common accord on all matters relating to units of 
measurement.  The Convention, modified slightly in 1921, remains the basis of international 
agreement on units of measurement. The BIPM now has 55 Member States, including all the 
major industrialized countries.  
 

The International System of Units (SI) 



General Conference on Weights and Measures 
Conférence générale des poids et Measures 

[CGPM] 
 

Consists of delegates from Member States and meets 
every four years 

BIPM’s 
Member 

States 

International Bureau of Weights and Measures 
Bureau international des poids et mesures 

[BIPM] 
 

Intergovernmental organization with headquarters 
located in Sèvres, France 

Intl. Committee for Weights and Measures 
Comité international des poids et mesures 

[CIPM] 
 

Consists of 18 individuals elected by the CGPM, charged 
with the supervision of the BIPM and of its activities, 

meets annually 

The International System of Units (SI) 
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After the signing of the Metre Convention on 20 May 1875, which created the BIPM 
and established the CGPM and the CIPM, work began on the construction of new 
international prototypes of the metre and kilogram. In 1889 the 1st CGPM sanctioned 
the international prototypes for the metre and the kilogram. Together with the 
astronomical second as the unit of time, these units constituted a three-dimensional 
mechanical unit system with the base units metre, kilogram, and second, the MKS 
system.  

The International System of Units (SI) 

Treaty of the Meter, 1875 
Second, authorize the production of international 

prototype standards 



Standard Meter prototypes 
Shown: National Prototype Meter 

No. 27, received by the U.S. in 1890 

Standard Kilogram prototypes 
Shown: International Prototype 
of the Kilogram, kept at BIPM 

The International System of Units (SI) 
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The idea of an internationally harmonized and administered metric system kicked into high gear in the 1870s.
In response to an invitation from the French Government, a conference was held in Paris on August 8, 1870, to consider constructing new primary metric standards, as the originals from 1799 were aging and worn. The meeting was a short one, as war was raging between France and Germany at the time. However, unlike in 1798, the U.S. then had an appropriate agency—the Office of Weights and Measures in the Treasury Department—to represent us at the meeting.
A second conference was held two years later, at which twice as many countries were represented. At this conference it was decided that new meters and new kilograms should be constructed to conform with the original standards of the French Archives, and a committee was appointed to carry out this decision.
The preparation of the new standards had advanced so far by 1875 that the committee requested the French Government to call a diplomatic conference to consider how to validate the new meters and kilograms, and whether this should be a one-shot operation or whether a framework should be established for permanent maintenance of the standards. As you likely know, they opted for the latter. More on that in a moment.
By 1873, it had been decided that the Version 2.0 meter standard should be a line standard, not an end standard, that it should be made of 90 % platinum (a machinable, inert metal) /10 % iridium (to increase its hardness), and that it should have the “X” shaped cross section for rigidity.



 1948 – CGPM adds the ampere to the SI 
 

 1948 – CGPM adds the candela to the SI 
 

 1954 – CGPM adds the kelvin to the SI 
 

The International System of Units (SI) 

Then, more units . . .  



A comprehensive system of units 

1954: 10th CGPM, Resolution 6: practical system of units 
 In accordance with the wish expressed by the 9th Conférence 

Générale des Poids et Mesures (CGPM) in its Resolution 6 
concerning the establishment of a practical system of units of 
measurement for international use, the 10th CGPM decides to adopt 
as base units of the system, the following units: 

 length meter 
 mass kilogram 
 time second 
 electric current ampere 
 thermodynamic temperature degree Kelvin 
 luminous intensity candela 

The International System of Units (SI) 
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Presentation Notes
And with the Kelvin in hand, the 10th CGPM declared victory in 1954.
They had, at hand, a compete set of “base units” upon which a complete and holistic international system of measurement could be based.



The International System of Units (SI) 



“Quantum” definition of the second 

The second was defined originally as 1/86,400 of the “mean solar 
day.”  The exact definition was left to astronomers. 

 
1967: The second is the duration of 9,192,631,770 periods of 

the radiation corresponding to the transition between the 
two hyperfine levels of the ground state of the 133Cs atom. 
 

15 

NIST-F2, today’s U.S. 
primary atomic frequency 
standard 

The International System of Units (SI) 
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Presentation Notes
The 13th CGPM redefined the second in 1967 to base it on atomic clocks, rather than astronomy.
This is the definition as it stands today.
Measurement of the second is the most precise of any unit of measure, about 3 parts in 1016.



1889: International Prototype Meter 
 
 
1960: Based on wavelength of 86Kr radiation 
 
1983: The meter is the length of the path travelled by 

light in vacuum during a time interval of 
1/299,792,458 of a second. 
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The International System of Units (SI) 

“Quantum” definition of the meter 

Presenter
Presentation Notes
At the dawn of SI in 1960, the CGPM moved away from the artifact standard of the meter, the prototype meter bar kept at the BIPM, and instead redefined the “meter” in terms of a standard wavelength of light.
Then, in 1983, the definition of the meter changed yet again. Given that the standard for time (the second) afforded much greater precision, the CGPM opted to make the speed of light a defined constant (no uncertainty), allowing a high-precision connection between time and distance.
The 1983 definition allows realization of the Meter using interferometry of any laser line, not just the wavelength of light from a Krypton discharge lamp.



The “volt” realized by 
Josephson Junction devices, 
with KJ–90 = 483,597.9 GHz/V 

The “ohm” realized by 
Quantum Hall Effect devices, 

with RK–90 = 25,812.807 Ω 

RH = h / i e2 = 1 / i e0ca 

T = 278 mK 

I = 0.255 mA 

The International System of Units (SI) 

“Quantum” standards for the electrical units 
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One of the motivating factors for this potential redefinition is that the electrical units are in a state of play now. The best, modern experiments for realizing them have overtaken those used with the definition of the ampere that was adopted in 1948.
With the coordination and acquiescence of the CIPM (if not entirely the CGPM), labs around the world realize the volt using the physical properties of the Josephson Junction, and the ohm using the physical properties of the Quantum Hall Effect. To do this, the CIPM adopted “conventional” values of the fundamental, physical constants that underlie these two effects. The values were made effective in 1990.
Should the CGPM adopt fixed values for the four fundamental constants on the last slide, these two constants would also be defined absolutely, and the modern, “conventional” methods of realizing the volt and the ohm would be brought into the SI.



• Similarly, the CIPM is currently considering 
possible redefinitions of: 
– kilogram 
– ampere 
– kelvin 
– mole 

• Determined by fixing the values of: 
– Planck constant 
– Elementary electric charge of the electron 
– Boltzmann constant 
– Avogadro constant 

• Perhaps in 2018 

The International System of Units (SI) 
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Without standards . . .  

1904 
Out-of-town fire companies arriving at a fire in 
Baltimore, Maryland cannot couple their hoses 
to the hydrants. 1526 buildings razed. 

1912 
41,578 U.S. train derailments in previous 

decade due to inferior steel 

International Metrology 
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1904
Baltimore fire. The next year, the National Fire Protection Association adopted an NBS-developed national hose coupling standard.
1905
The American Foundrymans Association turned over to NBS its standardized irons program.
1912
The annual report by the Interstate Commerce Commission revealed alarming statistics for railroad accidents. NBS began a program to examine cracked rails and other failed parts through chemical, microscopic, and mechanical tests. NBS cooperated with the big steel companies to begin an investigation of problems in the manufacturing process. By 1930, the accident rate due to inferior steel in rails and rolling stock had fallen by two thirds.



Ensuring equivalent measurements everywhere 

• Major subassemblies of the Boeing 787 Dreamliner are produced by a 
distributed network of suppliers 

• Airplanes require maintenance wherever their port of call 

International Metrology 

20 

Presenter
Presentation Notes
However, it became clear in the 1990s that this classical operating mode was no longer sufficient.
Take a modern airplane, for example. Both the manufacture and operation of aircraft are highly regulated industries, meaning that regulators need certification that measurements are correct.
A modern airplane, such as the Boeing 787, is built in sections all around the world. The dimensions and other properties of these sections must be referenced to common measurement standards, not those just of the countries in which the sections are made.
And after the airplane is put into service, it can require maintenance in whatever nation it lands. The tools and procedures used must also be certified as to measurement accuracy, across national boarders



International Metrology 

How does a nation ensure that their 
measurements are acceptable to another nation? 

Bilateral comparisions between all nations 
• Why not? 

• Assuming 81 nations that would be 81 x 80 /2 or 3,240 bilaterals in each 
of many subject areas 
 
 

That is an impossible challenge . . .  
 

 
 



The CIPM Mutual Recognition Arrangement 

• Signed October 14, 1999 by 38 member states 
 

• It requires the signatories to accept the published 
capabilities of each other 
 

• Today the MRA includes 52 Member States, 37 
Associates of the CGPM, and 4 international 
organizations – and covers a further 149 institutes 
designated by the signatory bodies 
 

• The MRA outlines the process to assure mutual 
recognition of capabilities including the requirement 
of participation in key comparisons and having 
quality systems 
 

 

The CIPM MRA 



General Conference on Weights and Measures 
Conférence générale des poids et Measures 

[CGPM] 
 

Consists of delegates from Member States and meets 
every four years 

Associates 
of the 
CGPM 

BIPM’s 
Member 

States 

International Bureau of Weights and Measures 
Bureau international des poids et mesures 

[BIPM] 
 

Intergovernmental organization with headquarters 
located in Sèvres, France 

CIPM MRA 
 

JCRB 

National 
Metrology 

Laboratories 

Intl. Committee for Weights and Measures 
Comité international des poids et mesures 

[CIPM] 
 

Consists of 18 individuals elected by the CGPM, charged 
with the supervision of the BIPM and of its activities, 

meets annually 

Consultative 
Committees 

 

The CIPM MRA 
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The CIPM MRA requires that NMIs and Designated Institutes prove 
their technical capability to provide a particular measurement service 
and demonstrate that they have a suitable quality system in place to 
help ensure reliable dissemination of that measurement service to 
their customers. 

In order to do that the world was divided into Regional Metrology 
Organizations or RMOs.  There are currently 5 RMOs: 
 
• AFRIMETS 
• APMP 
• COOMET 
• EURAMET 
• SIM 

The CIPM MRA - RMOs 



The CIPM MRA - RMOs 
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What do RMOs Do? 

• Encourage collaborations between NMIs 

• Raise competence of the region 

• Transfer knowledge 

• Help implement BIPM’s global policies at the regional 
level 

• Regional technical review of the CMCs of each National 
Metrology Institute and Designated Institute (DI) 

• International review of other RMO’s CMCs 

• Review of the Quality Systems of each NMI and DI 
(note that the Quality Systems are only reviewed 
regionally) 

 

The CIPM MRA - RMOs 
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CMCs are first reviewed regionally to determine if claimed 
capability is supported by evidence of: 
 
• Comparison results (key, supplemental, or bilateral) 
• Technical reputation (publications, other technical 

activities) 
 
Traceability to the SI must be demonstrated either by a 
local realization of the SI or by traceability to an NMI that 
realizes the SI for that quantity 
 
After regional approval, the other 4 RMOs have an 
opportunity to review the CMCs before they are published 
in Appendix C 

Calibration and Measurement Capabilities (CMC) 

The CIPM MRA - CMCs 



250+ institutes 
participate in CC 
activities 
 
Over 600 key 
comparisons have 
been identified 

B I P M 
and Consultative 
Committee (CC) key 
comparison other 

regional key 
comparisons 

COOMET 
key 
comparisons 

SIM 
EURAMET 
key 
comparisons 

APMP key 
comparisons 

BIPM  
NMI participating in BIPM / CC key comparisons 
NMI participating in BIPM / CC key comparisons and in regional key comparisons 
NMI participating in regional key comparisons 
NMI participating in neither BIPM / CC nor regional key comparisons but making 
bilateral comparisons 

The CIPM MRA – Key Comparisons 
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All NMIs and DIs must have a quality system consistent with ISO/IEC 17025 for 
calibration services and ISO Guide 34 for certified reference materials 
 
NMIs and DIs may be either accredited or self-declared regarding their quality 
systems.  External peer review is required. 
 
Each RMO has a quality committee that determines if the quality systems are 
acceptable for supporting the CMCs.  SIM has the Quality System Task Force 
(QSTF) 
 
Their approval is final but each quality system must be reapproved every 5 years. 
 
NMIs and DIs must report problems to the RMO quality committee such as loss of 
key personnel, loss of equipment, failure in a key comparison that might indicate a 
problem in providing their measurement services consistent with their CMCs. 
 
 

Quality System Review 

The CIPM MRA – Quality Systems 



• Your NMI must be a signatory to the CIPM MRA 
 

• You must participate in key or bilateral comparisons to 
establish your technical capabilities 
 

• Your CMCs must be approved by SIM and internationally 
 

• Your Quality Systems must be approved by the SIM QSTF. 

If you want your measurements internationally accepted 

The CIPM MRA  



SIM 
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International Metrology 

Questions? 
 
 
 
 

james.olthoff@nist.gov 
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International Metrology 

Group Photo! 
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