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Metrology for Innovation: 
Industry, Society and Science

Prof. Dr. Joachim Ullrich

President of PTB

A PTB perspective

Metrology Symposium 2018 at CENAM

102 Member & 

Associated States

Metrology:

- the science and application of precise measurements

- establishing traceability to measurement units

timetime voltagevoltage

forceforcelengthlengthquantum standardsquantum standards

all these measurements have to be 
correct and globally accepted!

all these measurements have to be 
correct and globally accepted!

: the SI

International

What is Metrology?
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Metrology:

- the science and application of precise measurements

- establishing traceability to measurement units

�97.6 %  of the world economic power�97.6 %  of the world economic power

�global measurement infrastructure�global measurement infrastructure

�cornerstone of quality infrastructure�cornerstone of quality infrastructure

102 Member & 

Associated States

International

What is Metrology?

: the SI

Wherever society relies on measurement instruments:

Ensuring the correctness of measurements in 
official, commercial and scientific use

Ensuring the correctness of measurements in 
official, commercial and scientific use

What is Metrology needed for?

electricity meter, gas meter, water meters, 

fuel oil, dosimetry, tire pressure, radar, 

sound, pollutants, lighting, MRT safety, 

cytometry (e.g. blood count) …
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...in global market:

Does the nut from Argentina fit the bolt from Germany?

Does a computer from China work 

with the German 230 V

What is Metrology needed for?

• Reduce technical barriers to trade• Reduce technical barriers to trade

...in a competitive market:

� Essential for (Germany’s) global 
economy and welfare

� Essential for (Germany’s) global 
economy and welfare

• Better be better: lowest uncertainties, highest quality• Better be better: lowest uncertainties, highest quality

...in a diverse market:

• Empower specific economies and industry• Empower specific economies and industry

Hermann v. Helmholtz Werner SiemensWilhelm Foerster

ScienceScience IndustryIndustryLegal MetrologyLegal Metrology

since 130 years

Metrology in Germany: then and now

providing the national 
measurement infrastructure

providing the national 
measurement infrastructure

TechnologyTechnology

SocietySociety

KuratoriumKuratoriumsciencescience

associationsassociationsver. authoritiesver. authorities

economyeconomy

ministries

BMWi, BMZ, BMU

ministries

BMWi, BMZ, BMU

28 high-rank representatives of PTB stakeholders28 high-rank representatives of PTB stakeholders

Decisive for our impact in industry, society & politicsDecisive for our impact in industry, society & politics
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since 130 years

Metrology in Germany: then and now

KuratoriumKuratoriumsciencescience

associationsassociationsver. authoritiesver. authorities

economyeconomy

ministries

BMWi, BMZ, BMU

ministries

BMWi, BMZ, BMU

Metrology in Germany: then and now

KuratoriumKuratoriumsciencescience

associationsassociationsver. authoritiesver. authorities

economyeconomy

ministries

BMWi, BMZ, BMU

ministries

BMWi, BMZ, BMU

since 130 years

• technology enabler

• innovation driver

• neutral, reliable broker
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Our business areasOur business areas

Physikalisch-Technische Bundesanstalt

Fundamental
Metrology

Metrology
for

Industry

Metrology
for

Society

International
Harmoni-
zation

Selected examples: metrology underpinning innovationSelected examples: metrology underpinning innovation

Physikalisch-Technische Bundesanstalt

Fundamental
Metrology

Metrology
for

Industry

Metrology
for

Society

International
Harmoni-
sation

Our business areasOur business areas

Guaranteeing:

- long-time stability

- realization everywhere

- with ever-increasing accuracy as technologies improve

- triggering innovation in science, industry and technology
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Revised International System of Units

A consistent 

based on our present understanding of nature

and coherent set: 

timetime

1 s = 
9 192 631 770

∆ν (133Cs)hfs

Revised International System of Units
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Fundamental Metrology: Time/Frequency

PTB‘s Cesium Fountain Clock

Realization of SI second

�highest reliability

�small uncertainty: 2.0 × 10-16

One of the most accurate 

realizations worldwide!

Impact: coordinated time 

for GALILEO, ACES

1 s = 
9 192 631 770

∆ν (133Cs)hfs

PTB‘s Cesium Fountain Clock

The “optical pendulum” for next-generation atomic clocksThe “optical pendulum” for next-generation atomic clocks

Systematic uncertainty (single-ion clock-frequency): 1×10-18Systematic uncertainty (single-ion clock-frequency): 1×10-18

Frequency-comb technology: Frequency ComparisonFrequency-comb technology: Frequency Comparison

Fundamental Metrology: Time/Frequency

Yb+Yb+

PROF. DR. THEODOR W. HÄNSCH
Nobel prize winner and curator of PTB

How to connect the clocks?
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here: single ion

PTB  

NIST NIST 

NPL  NPL  

LNE  LNE  

u
B
u
B

2,9⋅ 10−16

1,5⋅ 10−161,5⋅ 10−16

2,1⋅ 10−162,1⋅ 10−16

2,8⋅ 10−162,8⋅ 10−16

INRIMINRIM 1,8⋅ 10−161,8⋅ 10−16

uges zu TAI 

3,3⋅ 10−16

5,1⋅ 10−16

3,6⋅ 10−16

3,8⋅ 10−16

4,8⋅ 10−16

Cesium-fountain

ACES: groundstationACES: groundstation

PTB: PTB: 
coordination of
Galileo system time

Yb+Yb+

Optical clocks

�Systematic uncertainty:  3.3⋅⋅⋅⋅ 10-18

How to connect the clocks?

SFB

MPQ

PTB

St. Peter Ording

NPL

OBSPARIS

HITec

AEI

IQ

UoS

KIT

Helgoland

green: in operation

yellow: commissioning

red: planned

First agreement of two very distant clocks 

with 4.7⋅⋅⋅⋅ 10-17 !  �world record!

Fundamental Metrology: Innovation

A European fiber network for 

• high-precision frequency / time transmission,

• quantum cryptography,  

• ultra-broadband information transmission

Fundamental Metrology: Innovation

Next-generation portable clocks: replace H-MaserNext-generation portable clocks: replace H-Maser

<10-18 Uncertainty: Lab Optical Clock <10-18 Uncertainty: Lab Optical Clock 

~10-15 Uncertainty~10-15 Uncertainty<10-16 Uncertainty<10-16 Uncertainty

OptIClock ConsortiumOptIClock Consortium
Optical Single Ion Clock

• Data network 

synchronization,

• Geoid surveying
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Fundamental Metrology: Mass

timetime

massmass

The Silicon Route: Avogadro Collaboration The Silicon Route: Avogadro Collaboration 

..count the number of atoms in

a crystal sphere of enriched 28Si

���
�

��
�

me =
���

�

��
�

Quantum Mechanics provides the mass scale

via fundamental constants

• Most advanced XRF, XPS surface technologies

The Silicon Route: High-Tech and InnovationThe Silicon Route: High-Tech and Innovation

• Ultra-precise lattice-constant measurements

• Impurities <10-9

• Lattice imperfections

• Isotope contributions

• Dimensional measurements at its limits

2 m peak-to-valley2 m peak-to-valley

Deviation in sphere radius: 
16 nm (peak to valley)
Deviation in sphere radius: 
16 nm (peak to valley)
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Fundamental Metrology: Innovation

Version Mass range MPE

OIML R111-1

Ur ≤ 1/3·MPE

k=2

Environment

PB 2 (E2) 1 mg6100 g 16·10-7 5.3·10-7 Air

PB 1 (E1) 1 mg61 kg 5·10-7 1.7·10-7 High Vacuum

Commercial Kibble BalancesCommercial Kibble Balances

• “self-calibrating”

• high precision

• industrial application: E1, E2

• “off-the-shelve” components

• connected to the IoT

• “self-calibrating”

• high precision

• industrial application: E1, E2

• “off-the-shelve” components

• connected to the IoT

Fundamental Metrology: Electrical Units

I = <n> e fI = <n> e f currentcurrent
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Single-electron detection

+e

-e

� Series of pumps for improved 

uncertainty

Self-referenced noise-free electrical current

� Single-electron detectors register 

pumping errors

On-going project:

� develop circuits for fast read-out

� achieve controlled quantum states

� tests of quantum metrological triangle

Future applications

� Quantum electronic (e.g. spintronics)

� Shot-noise-free electronics

� Photonic technologies

� Quantum information processing

Fundamental Metrology: Innovation

A. Waag, TU Braunschweig

Fundamental Metrology: Electrical Units

KJ = 2e / hKJ = 2e / hRK = h / e2RK = h / e2

ohmohm voltvolt
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hot-wall reactor

Practically no bilayers (red spots)

� Patented growth method for 
single-layer graphene

� Excellent dc- and ac-QHE 
demonstrated

� Yet to be optimized:
achieving stable and robust 
carrier concentration

Goal: Operation at small B-field

� Production of epitaxial graphene 
on SiC established at PTB
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Fundamental Metrology: Innovation

Topological Insulators: W. Molenkamp (U. Würzburg)

Proof of universality with 0.25 ppm 
measurement uncertainty at a few nA

Goal: increase operating currents and S/N by factor 1000

Limits of current level due to:

• material development

still needed?

• or fundamental reasons?
can be operated

at zero field!

Current/ nA

Fundamental Metrology: Innovation
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Combined Electrical Standard Device

Quantum Hall Resistor Josephson Voltage Standard

Best operation: 

1.5 K, 10 T

Best operation: 

4 K, 0 T

Fundamental Metrology: Innovation

‚Dream Team‘ on one chip

Operation at: 

4 K, 0 T

A single cryostat

Cost: < 100 k€

Combined Electrical Standard Device

R

I (U/R)

U

h/e2

h/2e

Fundamental Metrology: Innovation

The Quantum SI
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2nd Generation Quantum Technologies

2nd generation quantum technology:

• Engineering single quanta and quantum systems
• Quantum electronics, ~ sensors, ~computers

quantum cryptography, quantum metrology

European Flagship
• 1 billion €
• G sensors
• G metrology

2nd Generation Quantum Technologies

European Flagship
• 1 billion €
• G sensors
• G metrology

Optical clocks:

at ~10-18 uncertainty

• Sensors for geodesy
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2nd Generation Quantum Technologies

European Flagship
• 1 billion €
• G sensors
• G metrology

• Sensors for geodesy

Optical clocks:

at ~10-18 uncertainty

~10-17

• EU fiber network
- high-precision frequency

- high-precision time

- high-speed information

- cryptography testbed

• Satellite transmission

2nd Generation Quantum Technologies

European Flagship
• 1 billion €
• G sensors
• G metrology

• Sensors for geodesy

Optical clocks:

at ~10-18 uncertainty

~10-17

• EU fiber network
- high-precision frequency

- high-precision time

- high-speed information

- cryptography testbed

• Satellite transmission

• Frequency standards
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2nd Generation Quantum Technologies

European Flagship
• 1 billion €
• G sensors
• G metrology

• Sensors for geodesy

• EU fiber network
- high-precision frequency

- high-precision time

- high-speed information

- cryptography testbed

• Satellite transmission

• Frequency standards

• Low-noise electronics

Innovation

Empowered by 
the Quantum SI • Nano-SQUIDs

• Graphene based QH, G�QT centre of competence at PTB

Physikalisch-Technische Bundesanstalt

Fundamental
Metrology

Metrology
for

Industry

Metrology
for

Society

International
Harmoni-
sation

Our business areasOur business areas
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PTB

� is the only reference laboratory   

for haematology worldwide

� provides reference values for 

proficiency tests

� provides basis for quality 

assurance in 3000 clinical labs in 

Germany: e.g. blood count

� current project: quantify the virus    

load in a virus infection

� 3D imaging in cytometry

Reference Laboratory for HaematologyReference Laboratory for Haematology

Metrology for Society: Health

Measurement cell 

for micro cytometry: 

may be used at an 

accident site

3-T-MRT

(PTB, FB 8.1)

7-T-MRT

(Berlin, Ultrahigh Field Facility)

High spectroscopic resolution

� Neurotransmitters in brain

� Charité University Hospital

Metrology for Society: Health

…standardization, services, research 
and innovation go together! 

…standardization, services, research 
and innovation go together! 
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Physikalisch-Technische Bundesanstalt

Fundamental
Metrology

Metrology
for

Industry

Metrology
for

Society

International
Harmoni-
zation

Our business areasOur business areas

16,5 MN-facility
at PTB

16,5 MN-facility
at PTB

30 MN-facility
at MPA BS

30 MN-facility
at MPA BS

Metrology for Industry: Force

Source: raumfahrer.net

traceability via

build-up system

traceability via

build-up system
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Metrology for Industry: Force

16,5 MN-facility
at PTB

16,5 MN-facility
at PTB

30 MN-facility
at MPA BS

30 MN-facility
at MPA BS

50 MN Build-up System (5 x 10 MN)

traceability via

build-up system

traceability via

build-up system

Source: GTM

Build-up systems investigated up to 50 MN in 
European Project to enable traceable dissimination

Wind Energy: New center of competence at PTB

coordinate

metrology

torque

metrology

3D wind 

vector

metrology

Society and Industry: Renewables

Up to 5 MN�m

under construction

German wind power industry: German wind power industry: 
• 20 % world market share
• 40 % without China

Measurement Uncertainty = Uncertainty of Return on Investment!
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• Calibration of  laser-tracker, radar-scanner, indoor-GPS…• Calibration of  laser-tracker, radar-scanner, indoor-GPS…

→ For quality assurance in heavy-machine construction→ For quality assurance in heavy-machine construction

Metrology for Industry: Length

• Technology development• Technology development

Reference Wall at PTB
• Possible measurement 

volume up to:

10 m x 3 m x 6 m

• Length invariant: 
reference lengths via 
temperature stabilised 
CFK-rods, tension-free  
mount at wall

Source: Leica Geosystems Source: Automated Precision

30 µm

oscillating

Si-microprobe

PTB Profile Scanner

Metrology for Industry: Length

Roughness measurement and 
simulated deposit layer thickness 

inside of injection nozzles

Roughness measurement and 
simulated deposit layer thickness 

inside of injection nozzles
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E-Mobility: Li-Ion Batteries

Reference test site for verification of:

Reference test site for verification of:

• Condition (maximum capacity)

• Charging (actual capacity)

0

0.05

0.1

0.15

1 1.2 1.4 1.6 1.8

-
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Ω

Impedence (Re) / mΩ

Based on electrochemical

impedance spectroscopy

(quick measurement procedure)

?

E-Mobility: Li-Ion Batteries
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0

0.05

0.1

0.15

1 1.2 1.4 1.6 1.8
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Based on electrochemical

impedance spectroscopy

(quick measurement procedure)

E-Mobility: Li-Ion Batteries

Second-Use Batteries
(EMPIR 2017 LiBForSecUse)

Wi40- light bulb

halogen light bulb

LED traffic light

Metrology for Industry: Light
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Characterization of LEDs and OLEDsCharacterization of LEDs and OLEDs

60 in a row!   

Metrology for Industry: Light

Metrology for Photovoltaics

PTB‘s facility for laser-based

calibration of reference solar cells

Calibration 

laboratories

PV - Industry

Meas. Uncertainy (k=2)

< 0,4 %

< 1,5 %

2 % – 10 %

Measurement Uncertainty = Uncertainty of Return on Investment!

Testing traceable to PTB

for more than 50 % of solar 

modules worldwide

Germany: 100 billion Euro 

investment anticipated until 2035
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Technology Transfer to SMEs

• Transfer of Metrology Technology

• 15 Projects funded so far

• Applications two times per year

→ flexible and fast reaction to the 

most innovative proposals

• Rating through an internal 

committee

• Running time 36 months

• Maximum contribution of PTB: 

350 000 EUR

10 % by the industrial partner

Physikalisch-Technische Bundesanstalt

Fundamental
Metrology

Metrology
for

Industry

Metrology
for

Society

International
Harmoni-
zation

Our business areasOur business areas

Metrology for Innovation: Industry, Society and Science
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Physikalisch-Technische Bundesanstalt

Fundamental
Metrology

Metrology
for

Industry

Metrology
for

Society

International
Harmoni-
zation

Our business areasOur business areas

International markets need clear rules for competitive industries!

Conformity Assessment Bodies

Calibration
Laboratory

Inspection
Body

Certification
Body

Testing
Laboratory

National Metrology InstituteNational Metrology Institute

National Accreditation BodyNational Accreditation Body

National Standards BureauNational Standards Bureau

For all enterprises and products: any industry and agriculture

Serving governments, consumers, and the general public

Quality Infrastructure in Germany

5500 calibrations/year

1200 certificates/year
~476 accredited labs

~ 208 national boards

~ 227 internat. boards

accreditation council 

vice president 
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For all enterprises and products: any industry and agriculture

Serving governments, consumers, and the general public

Conformity Assessment Bodies

Calibration
Laboratory

Inspection
Body

Certification
Body

Testing
Laboratory

National Metrology InstituteNational Metrology Institute

National Accreditation BodyNational Accreditation Body

National Standards BureauNational Standards Bureau

The International System and the CIPM-MRA

are the corner stones of quality infrastructure.

The International System and the CIPM-MRA

are the corner stones of quality infrastructure.

Quality Infrastructure: International

Worldwide ~ 65.000 labora-

tories are accredited along 

ISO/IEC 17025 �Requiring 

traceability to the SI!

Verification authorities

(16 federal states)
Calibration laboratories

(~480  in DAkkS GmbH)

Units and Time Act,

Section 6, subsection 2

National 
Standards

PTB

Reference Standards
Verification Authorities,

Accredited Calibration 

Laboratories

Working Standards
In-Plant Calibration Laboratories

In-Plant Test Equipment

Products

Confidence, acceptance, reliability, neutrality.

Recognized by all participants on the market!

Confidence, acceptance, reliability, neutrality.

Recognized by all participants on the market!

some 1000

some 100 000

many millions

truly many!

calibrations per year:

Uniformity of Metrology - Germany
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European Metrology Research: EMPIR

EMPIR:

• Calls: 2014 until 2020

• Volume: 600 Mio. €

• New: Innovation

Standardization

Capacity Building

EMPIREMPIR
2009     2010     2011     2012    2013     2014     2015    2016     2017     2018    2019     2020

EMRPEMRP
ΣΣΣΣ = 1 billion €ΣΣΣΣ = 1 billion €

Coordinated metrology R & D: 28 countries! Coordinated metrology R & D: 28 countries! 

• Calls
- Health

- Energy

- Environment

- Industry & Standardization

- Special topics

European Metrology Research: EMPIR

EMPIR:

• Calls: 2014 until 2020

• Volume: 600 Mio. €

• New: Innovation

Standardization

Capacity Building

EMPIREMPIR
2009     2010     2011     2012    2013     2014     2015    2016     2017     2018    2019     2020

EMRPEMRP
ΣΣΣΣ = 1 billion €ΣΣΣΣ = 1 billion €

Coordinated metrology R & D: 28 countries! Coordinated metrology R & D: 28 countries! 
German share: 35 % (EMRP), 29 % (EMPIR)German share: 35 % (EMRP), 29 % (EMPIR)

• Calls
- Health

- Energy

- Environment

- Industry & Standardization

- Special topics
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� 50 projects in 90 countries
� 29 bilateral projects
� 21 are regional projects

• Financial volume ~20 mio. € in 2017
• >70 employees
• Clients: BMZ, BMWi, EU, 

development banks, direct orders

bilateral

regional

PTB: strongly committed to supporting quality 
infrastructure projects world-wide 

International Cooperation

Staff and Experts – our team for Technical Cooperation in Latin America and the 

Caribbean

Technical Cooperation

Staff & Experts – our team for Latin America and the Carribean
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29 Years Technical Cooperation: PTB-CENAM

Technical Cooperation with CENAM

e.g. 2013-2018: 

bilateral project on renewable 

energies and energy efficiency

e.g. 2013-2018: 

bilateral project on renewable 

energies and energy efficiency

Scientific and Technical Cooperation

Joint Activities:

- Exchange of scientists

- Creation of measurement standards

- Scientific workshops

Joint Activities:

- Exchange of scientists

- Creation of measurement standards

- Scientific workshops

Joint Research Project in 

European Metrology Research 

Programme (EMPR / EMPIR):

- ENV 52: Traceability for mecury

measurements

- Monitoring and disseminating the 

new SI unit kilogram via spheres of 

natural silicon

Joint Research Project in 

European Metrology Research 

Programme (EMPR / EMPIR):

- ENV 52: Traceability for mecury

measurements

- Monitoring and disseminating the 

new SI unit kilogram via spheres of 

natural silicon

Thermometry and Optics

Mechanics and Acoustics

Radiometry

Precision Engineering

Gravimetry

Chemistry
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Metrology for Innovation: Industry, Society and Science

Our business areasOur business areas

Physikalisch-Technische Bundesanstalt

Fundamental
Metrology

Metrology
for

Industry

Metrology
for

Society

International
Harmoni-
zation

The Future of MetrologyThe Future of MetrologyQuality in
Cyberspace

Metrology for the Digitization

60

Europa:

• 2014/31/EU,

• 2014/32/EU

• Verordnung 765/2008

• Beschluss 768/2008/EG

National:

• Mess- und Eichgesetz

• Mess- und Eichverordnung

Goal:

• ~ 150 different types of instruments

• 160 Mio. measurement instruments in Germany:
Electricity, Smart-Meter-Gateway, gas, heat flow, water, weighing instruments, mineral oil, 

transport goods, car exhaust, radioactivity,6 

• 160 billion €/year contribution to the cross national income

• 53 % of the federal taxes through verified measurement instruments (40 Mrd. €). 

Impact:

Quelle:

BMWi, Schlaglichter der Wirtschaftspolitik 11/2013 

Quality Infrastructure: Legal Metrology

Consumer and user

Correct measurement

• Create Mutual trust

• Verify

• Protect

PTB:  600 certificates per year    

~ 30 % of World market    
40-50 % of World market    
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61

Europa:

• 2014/31/EU,

• 2014/32/EU

• Verordnung 765/2008

• Beschluss 768/2008/EG

National:

• Mess- und Eichgesetz

• Mess- und Eichverordnung

Goal:

Impact:

Quelle:

BMWi, Schlaglichter der Wirtschaftspolitik 11/2013 

Quality Infrastructure: Legal Metrology

Consumer and user

Correct measurement

• Create Mutual trust

• Verify

• Protect

• 850 Mio.  Measurement instruments in the European market.

• 345 Mio.  Sold per year on the European market (7 billion € Umsatz)

• 900 European companies active in the production of measurement 
instruments. 
Business associations: CECIP, CECOD, FARECOGAZ, AQUA, ESMIG, VDMA, 6

• 205 Institutions for market- and usage surveillance.

Quality in
Cyberspace

Quality Infrastructure in Cyberspace

~ 160 mio. instruments
in legal metrology

strong 

measurement industry
smart cities

smart services

62

Europa:

• 2014/31/EU,

• 2014/32/EU

• Verordnung 765/2008

• Beschluss 768/2008/EG

National:

• Mess- und Eichgesetz

• Mess- und Eichverordnung

Goal:

Impact:

Quelle:

BMWi, Schlaglichter der Wirtschaftspolitik 11/2013 

Consumer and user

Correct measurement

• Create Mutual trust

• Verify

• Protect

• 850 Mio.  Measurement instruments in the European market.

• 345 Mio.  Sold per year on the European market (7 billion € Umsatz)

• 900 European companies active in the production of measurement 
instruments. 
Business associations: CECIP, CECOD, FARECOGAZ, AQUA, ESMIG, VDMA, 6

• 205 Institutions for market- and usage surveillance.

Quality in
Cyberspace

• digital twin

• digital calibration

• verify large data sets

& machine learning

• communication: 5G

Creating a Metrology Cloud

Quality Infrastructure in Cyberspace
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Improved and innovative measurement technologies

PTB‘s Mission … since 130 Years

»Progress and reliability in metrology«»Progress and reliability in metrology«

New ScienceBetter Products

Quality infrastructure and harmonisation

Improved Safety

END


