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Preface to the 2nd Edition

The ability to measure and to compare measurements
between laboratories is one of the cornerstones of the
scientific method. Globalization of research, develop-
ment and manufacture has produced greatly increased
attention to international standards of measurement. It
is no longer sufficient to achieve internal consistency
in measurements within a local laboratory or manufac-
turing facility; measurements must now be able to be
reproduced accurately anywhere in the world.

These demands are especially intense in materials
science and technology, where many characterization
methods are needed during the various stages of ma-
terials and product cycles. In order for new materials
to be used and incorporated into practical technology,
their most important characteristics must be known
well enough to justify large research and development
costs. The useful properties of materials are gener-
ally responses to external fields or loads under specific
conditions. The stimulus field and environmental condi-
tions must be completely specified in order to develop
a reproducible response, and to obtain reliable charac-
teristics and data. Standard test and calibration methods
describe these conditions and the Springer Handbook
of Materials Measurement Methods was developed to
assist scientists and engineers in both industry and
academe in this task.

In this second edition of the handbook, we have
responded to reader’s requests for a more complete
treatment of the internationally recognized formal
metrology system. The book title has been changed to
reflect this emphasis and the handbook organized in
five parts: (A) Fundamentals of Metrology and Testing,
(B) Chemical and Microstructural Analysis, (C) Ma-
terials Properties Measurement, (D) Materials Perfor-

mance Testing, (E) Modeling and Sim-
ulation Methods. The initial chap-
ters are new and present, inter alia:

® Methodologies of measurement
and testing, conformity assess-
ment and accreditation

® Metrology principles and orga-
nization

® (Quality in measurement and
testing, including measurement
uncertainty and accuracy.

All the remaining chapters have
been brought up to date by the same
distinguished international experts
that produced the first edition.

The editors wish again to ac-
knowledge the critical support and
constant encouragement of the Pub-
lisher. In particular, Dr. Hubertus
von Riedesel encouraged us greatly
with the original concept and Dr.
Werner Skolaut has done the techni-
cal editing to the highest standards
of professional excellence. Finally,
throughout the entire development
of the handbook we were greatly
aided by the able administrative
support of Ms Daniela Tied.

May 2011
Horst Czichos Berlin
Tetsuya Saito Tsukuba

Leslie Smith Washington

Horst Czichos

Leslie Smith



Preface to the 1st Edition

The ability to compare measurements between labora-
tories is one of the cornerstones of the scientific method.
All scientists and engineers are trained to make accu-
rate measurements and a comprehensive volume that
provides detailed advice and leading references on meas-
urements to scientific and engineering professionals and
students is always a worthwhile addition to the literature.
The principal motivation for this Springer Handbook
of Materials Measurement Methods, however, stems
from the increasing demands of technology for measure-
ment results that can be used reliably anywhere in the
world. These demands are especially intense in materials
science and technology, where many characterization
methods are needed, from scientific composition—struc-
ture—property relations to technological performance—
quality—reliability assessment data, during the various
stages of materials and product cycles.

In order for new materials to be used and incor-
porated into practical technology, their most important
characteristics must be known well enough to justify
large research and development costs. Furthermore, the
research may be performed in one country while the
engineering design is done in another and the proto-
type manufacture in yet another region of the world.
This great emphasis on international comparison means
that increasing attention must be paid to internation-
ally recognized standards and calibration methods that
go beyond careful, internally consistent, methods. This
handbook was developed to assist scientists and engi-
neers in both industry and academe in this task.

The useful properties of materials are generally re-
sponses to external fields under specific conditions.

The stimulus field and environmental conditions must
be completely specified in order to develop a repro-
ducible response. Standard test methods describe these
conditions and the Chapters and an Appendix in this
book contain references to the relevant international
standards.

We sought out experts from all over the world
that have been involved with concerns such as these.
We were extremely fortunate to find a distinguished
set of authors who met the challenge: to write brief
chapters that nonetheless contain specific useful rec-
ommendations and resources for further information.
This is the hallmark of a successful handbook. While
the diverse nature of the topics covered has led to dif-
ferent styles of presentation, there is a commonality
of purpose evident in the chapters that come from the
authors’ understanding of the issues facing researchers
today.

This handbook would not have been possible with-
out the visionary support of Dr. Hubertus von Riedesel,
who embraced the concept and encouraged us to pur-
sue it. We must also acknowledge the constant support
of Dr. Werner Skolaut, whose technical editing has met
every expectation of professional excellence. Finally,
throughout the entire development of the handbook we
were greatly aided by the able administrative support of
Ms. Daniela Bleienberger.

March 2006

Horst Czichos Berlin
Tetsuya Saito Tsukuba
Leslie Smith Washington
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FBG fiber Bragg grating

fce face-centered cubic

fct face-centred tetragonal

FD finite difference

FDA frequency-domain analysis

FDD focus—detector distance

FDM finite difference method

FE finite element

FEA finite element analysis

FEM finite element method

FEPA Federation of European Producers of
Abrasives

FET field-effect mobility transistor

FFP fitness for purpose

FFT fast Fourier transformation

FHG first-harmonic generation

FIA flow injection analysis

FIB focused ion beam

FID free induction decay

FIM field ion microscopy

FISH fluorescence in situ hybridization

FL Fermi level

FLAPW full potential linearized augmented plane
wave

FLEC field and laboratory emission cell

FLN fluorescence line narrowing

FMEA failure mode and effects analysis

FMVSS Federal Motor Vehicle Safety Standards

FNAA fast neutron activation analysis

FOD focus—object distance

FOLZ first-order Laue zone

FP fire protection

FPD flame photometric detector

FPI Fabry—Pérot interferometer

FRET fluorescence resonant energy transfer

FRP fibre-reinforced plastics

FT Fourier transform

FTIR Fourier-transform infrared

FTP fire test procedure

FTS Fourier-transform spectrometer

FVM finite volume method
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FWHM full width at half maximum
FWM four-wave mixing
G

GC gas chromatography

GC/MS gas-chromatography mass spectrometry

GD-MS glow discharge mass spectrometry

GDD group delay dispersion

GDP gross domestic product

GE gel electrophoresis

GEFTA German Society for Thermal Analysis

GFRP glass-fiber-reinforced polymer

GFSR generalized feedback shift register

GGA generalized gradient approximation

GIXRR grazing-incidence x-ray reflectance

GL Ginzburg—Landau

GLS Galerkin/least squares

GMI giant magnetoimpedance effect

GMO genetically modified organism

GMR giant magneto-resistance

GMRES generalized minimal residual

GP Guinier—Preston

GPS geometrical product specification

GSED gaseous secondary electron detector

GUM Glowny-Urzad-Miar

GUM guide to the expression of uncertainty in
measurement

GVD group velocity dispersion

H

HAADF high-angle annular dark-field

HAADEF-STEM high-angle annular dark-field STEM

HALT highly accelerated lifetime testing

HASS highly accelerated stress screening

HAZ heat-affected zone

HBW Brinell hardness

HCF high cycle fatigue test

HCP hexagonal close-packed

hep hexagonal close packed

HDDR hydrogenation disproportionation
desorption recombination

HEMT high-electron mobility transistor

HFET hetero structure FET

HGW hollow grass waveguide

HISCC hydrogen-induced stress corrosion
cracking

HK Knoop hardness test

HL Haber-Luggin capillary

HL hydrodynamic lubrication

HMFG heavy-metal fluoride glass fiber

HN Havriliak—Negami

HOLZ higher-order Laue zone

HPLC high-performance liquid chromatography

HR Rockwell hardness

HRR Hutchinson—-Rice—Rosengren

HRR heat release rate

HRTEM high-resolution transmission electron
microscopy

HSA hemispherical analyzer

HTS high-temperature superconductor

HV Vickers hardness

HV high vacuum

I

IAAC Inter American Cooperation for
Accreditation

IAEA International Atomic Energy Agency

IAF International Accreditation Forum

IAGRM International Advisory Group on
Reference Materials

1AQ indoor air quality

IBRG International Biodeterioration Research
Group

IC ion chromatography

ICP inductively coupled plasma

ICPS inductively coupled plasma spectrometry

ICR ion cyclotron resonance

IEC International Electrotechnical
Commission

IERF intensity—energy response function

IFCC International Federation of Clinical
Chemistry and Laboratory Medicine

IFFT inverse fast Fourier transform

IGC inverse gas chromatography

1T instrumented indentation test

IL interstitial liquid

ILAC International Laboratory Accreditation
Cooperation

ILC interlaboratory comparison

IMEP International Measurement Evaluation
Programme

IMFP inelastic mean free path

IMO International Maritime Organization

INAA instrumental NAA

1P imaging plate

IPA isopropyl alcohol

IPL inverse power law

1QI image-quality indicator

IQR interquartile range

IR infrared

IRAS infrared absorption spectroscopy

IRMM Institute of Reference Materials and
Measurement

ISO International Organization for

Standardization
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J MECC micellar electrokinetic capillary
chromatography
JCGM Joint Committee for Guides in Metrology ~ MEIS medium-energy ion scattering
JCTLM Joint Committee for Traceability in MEM maximum entropy method
Laboratory Medicine MEMS microelectromechanical system
JIS Japanese Institute of Standards MFC mass-flow controller
MFD mode field diameter
K MFM magnetoforce micrometer
MIBK methylisobutylketone
KC key comparison MIC microbially induced corrosion
KCDB key comparison database MID measuring instruments directive
KKS Kim-Kim-Suzuki MIS metal-insulator—semiconductor
KLM Kerr-lens mode-locking MISFET metal-insulator—semiconductor FET
KT Kosterlitz—Thouless MITI Ministry of International Trade and
Industry
L MKS meter, kilogram, and second
MKSA meter, kilogram, second, and ampere
LBB Ladyzhenskaya—Babuska—Brezzi MLA multilateral agreement
LBZ local brittle zone MLE maximum-likelihood estimation
LC liquid chromatography MLLSQ multiple linear least squares
LC liquid crystal MM metal matrix
LCF low cycle fatigue MMC metal matrix composite
LD Lawrence—Doniach MMF minimum mass fraction
LD laser device MO magnetooptical
LD laser diode MOE modulus of elasticity
LDOS local density of states MOKE magnetooptic Kerr effect
LDV laser Doppler velocimeter MOL magnetooptical layer
LED light-emitting diode MON monochromator
LEFM linear-elastic fracture mechanics MOS metal-oxide-semiconductor
LGC Laboratory of the Government Chemist MPA Materialprfungsamt
LIF laser-induced fluorescence MRA multiregional agreement
LJ Lennard-Jones MRA mutual recognition arrangement
LNE Laboratoire nationale de métrologie et MRAM magnetic random-access memory
d’essais MRI magnetic resonance imaging
LOC limit of decision MRR median rank regression
LOD limit of detection MS magnetic stirring
LOD limit of determination MS mass spectrometry
LOQ limit of quantification MST microsystems technology
LSCM laser scanning confocal microscope MSW municipal solid waste
LSDA local spin density approximation MTJ magnetic tunnel junction
LST linear system theory MUT material under test
LTS low-temperature superconductor MUVU mobile UV unit
LVDT linear variable differential transformer MXCD magnetic x-ray circular dichroism
LVM local vibrational mode MoU memorandum of understanding
M N
MAD median absolute deviation NA numerical aperture
MC Monte Carlo NAA neutron activation analysis
MCA multichannel analyzer NAB national accreditation body
MCD magnetic circular dichroism NACE National Association of Corrosion
MCDA magnetic circular dichroic absorption Engineers
MCP microchannel plate NAFTA North America Free Trade Association
MCPE magnetic circular-polarized emission NBS National Bureau of Standards
MD molecular dynamics ND neutron diffraction
MDM minimum detectable mass NDE nondestructive evaluation

XXIX



XXX List of Abbreviations

NDP
NDT
NEP
NEXAFS
NFPA
NHE
NIR
NIST

NMI
NMR
NMi
NOE
NPL
NPT
NR

NRA
NRC-CRM

NRW
NTC

neutron depth profiling
nondestructive testing
noise-equivalent power

near-edge x-ray absorption fine structure

National Fire Protection Association
normal hydrogen electrode

near infrared

National Institute of Standards and
Technology

National Metrology Institute
nuclear magnetic resonance
Netherlands Measurement Institute
nuclear Overhauser effect

National Physical Laboratory
number pressure temperature
natural rubber

neutron reflectance

nuclear reaction analysis

National Research Center for Certified
Reference Materials
Nordrhein-Westfalen

negative temperature coefficient

OA
OCT
ODD
ODF
ODMR
ODS
OES

OIML

OKE

OMH
OPA
OPG
OPO
OR
ORD
OSA
OoSU
OTDR

operational amplifier

optical coherence tomography
object-to-detector distance
orientation distribution function
optically detected magnetic resonance
octadecylsilane

optical emission
spectroscopy/spectrometry
International Organization of Legal
Metrology

optical Kerr effect

optical microscopy

Orzajos Meresugyi Hivatal
optical parametric amplifier
optical parametric generation
optical parametric oscillator
optical rectification

optical rotary dispersion

optical spectrum analyzer

Ohio State University

optical time-domain reflectometry

PA
PAA
PAC
PAC
PAH
PAS
PBG

polyamide

photon activation analysis

Pacific Accreditation Cooperation
perturbed angular correlation
polycyclic aromatic hydrocarbon
positron annihilation spectroscopy
photonic band gap

PC personal computer
PC photoconductive detector
PC polycarbonate
PCB polychlorinated biphenyl
PCF photonic crystal fiber
PCI phase contrast imaging
PCR polymerase chain reaction
PDMS poly(dimethylsiloxane)
PE polyethylene
PE-HD high-density polyethylene
PE-LD low-density polyethylene
PEELS parallel electron energy loss spectroscopy
PEM photoelectromagnetic
PERSF pure element relative sensitivity factor
PET polyethylene terephthalate
PFM pulse field magnetometer
PGAA prompt gamma activation analysis
PHB poly(B-hydroxy butyrate)
PI pitting index
PID photoionization detector
PIRG path-integral renormalization group
PIXE particle-induced x-ray emission
PL photoluminescence
PLE PL excitation
PLZT lanthanide-modified piezoceramic
PM polymer matrix
PMMA poly(methyl methacrylate)
PMT photomultiplier tube
POD probability of detection
POF polymer optical fiber
POL polychromator
POM particulate organic matter
POS proof-of-screen
PSD power-spectral density
PSDF power spectral density function
PSI phase-shift interferometry
PSL photostimulated luminescence
PT phototube
PTB Physikalisch-Technische Bundesanstalt
PTC positive temperature coefficient
PTFE polytetrafluoroethylene
PTMSP poly(1-trimethlsilyl-1-propyne)
PU polyurethane
PUF polyurethane foam
PV photovoltaic
PVA polyvinyl acetate
pPVC polyvinyl chloride
PVD physical vapor deposition
PVDF polyvinylidene fluoride
PWM pulse-width modulation
PZT lead zirconate titanate
0
QA quality assurance
QC quality control
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QE quantum effect

QMR quasiminimal residual

QMS quality management system

QNMR quantitative proton nuclear magnetic
resonance

R

RAPD random amplified polymorphic DNA

RBS Rutherford backscattering

RC resistor—capacitor

RD rolling direction

RDE rotating disc electrode

RE reference electrode

RF radiofrequency

RFLP restriction fragment length polymorphism

RG renormalization group

RH relative humidity

RI refractive index

RM reference material

RMO regional metrology organization

RMR RM report

RMS root mean square

RNA nuclear reaction analysis

RNAA radiochemical NAA

RPLC reversed-phase liquid chromatography

RRDE rotating ring-disc electrode

rRNA ribosomal RNA

RSF relative sensitivity factor

S

S/N signal-to-noise ratio

SABS South African Bureau of Standards

SAD selected area diffraction

SADCMET Southern African Development
Community Cooperation in Measurement
Traceability

SAMR small-angle magnetization-rotation

SAQCS sampling and analytical quality control
scheme

SAXS small-angle x-ray scattering

SBI single burning item

SBR styrene butyl rubber

SBS sick-building syndrome

SC superconductivity

SCA surface chemical analysis

SCC stress corrosion cracking

SCE saturated calomel electrode

SCLM scanning confocal laser microscopy

SD strength difference

SDD silicon drift detector

SE secondary electron

SEC specific energy consumption

SECM scanning electrochemical microscope

SEI secondary electron imaging

SEM
SEN
SENB4
SER
SFG
SFM
SHE
SHG
SHM
SI

SI

SIM
SIMS
SMSC
SMU
SNOM
SNR
SOD
SOLAS
SOLZ
SOP
SOR
SP

SPD
SPF
SPH
SPI
SPM
SPM
SPOM
SPRT
SPT
SQUID

SRE
SRET
SRM
SRS

SSE
SST
SST
STEM

STL
STM
STP
STS
SUPG
SVET
SVOC
SW
SWLI

SZW

scanning electron microscopy
single-edge notched

four-point single-edge notch bend
specific emission rate

sum frequency generation

scanning force microscopy

standard hydrogen electrode
second-harmonic generation
structural health monitoring
International System of Units
Systeme International d’Unités
Sistema Interamericano de Metrologia
secondary ion mass spectrometry
study semiconductor

Slovenski Metrologicky Ustav
scanning near-field optical microscopy
signal-to-noise ratio

source-to-object distance

safety of life at sea

second-order Laue zone

standard operating procedure
successive overrelaxation

Swedish National Testing and Research
Institute

singular point detection

superplastic forming

smooth particle hydrodynamics
selective polarization inversion
scanning probe microscopy

self-phase modulation

surface potential microscope

standard platinum resistance thermometer
sampling proficiency test
superconducting quantum interference
device

stray radiant energy

scanning reference electrode technique
standard reference material

stimulated Raman scattering

spectral sensitivity

stochastic series expansion
single-sheet tester

system suitability test

scanning transmission electron
microscopy

stereolithographic data format
scanning tunneling microscopy
steady-state permeation

scanning tunneling spectroscopy
streamline-upwind Petrov—Galerkin
scanning vibrating electrode technique
semi-volatile organic compound
Swendsen—Wang

scanning white-light interferometry
stretched zone

stretched zone width
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T |
TAC time-to-amplitude converter VAMAS Versailles Project on Advanced Materials
TBCCO tellurium-barium-calcium-copper-oxide and Standards
TBT technical barriers to trade VCSEL vertical-cavity surface-emitting laser
TCD thermal conductivity detector VDEh Verein Deutscher Eisenhttenleute
TCSPC time-correlated single-photon counting VG vortex glass
TDI time-delayed integration VIM international vocabulary of basic and
TDS thermal desorption mass spectrometry general terms in metrology
TDS total dissolved solid VIM international vocabulary of metrology
TEM transmission electron microscopy VL vortex liquid
TFT thin-film transistor VOC volatile organic carbon
TG thermogravimetry VOST volatile organic sampling train
TGA-IR thermal gravimetric analysis-infrared VSM vibrating-sample magnetometer
TGFSR twisted GFSR VVvoC very volatile organic compound
THG third-harmonic generation
TIMS thermal ionization mass spectrometry W
TIRFM total internal reflection fluorescence
microscopy WDM wavelength division multiplexing
TLA thin-layer activation WDS wavelength-dispersive spectrometry
TMA thermomechanical analysis WE working electrode
TMR tunnel magneto-resistance WFI water for injection
TMS tetramethylsilane WGMM Working Group on Materials Metrology
TOF time of flight WHO World Health Organization
TPA two-photon absorption WLI white-light interferometry
TR technical report WTO World Trade Organization
TRIP transformation induced plasticity WZW Wess—Zumino—Witten
TS tensile strength
TTT time—temperature-transformation X
TU Technical University
TVOC total volatile organic compound XAS x-ray absorption spectroscopy
™ thermostat water XCT x-ray computed tomography
TWA technical work area XEDS energy-dispersive x-ray spectrometry
TWIP twinning induced plasticity XFL photoemitted Fermi level
TXIB 2,2 ,4-trimethyl-1,3-pentanediol XMA X-ray micro analyzer
diisobutyrate XMCD x-ray magnetic circular dichroism
TXRF total reflection x-ray fluorescence XPS x-ray photoelectron spectroscopy
spectrometry XPS x-ray photoemission spectroscopy
XRD x-ray diffraction
U XRF x-ray fluorescence
XRT X-ray topography
UBA Bundesumweltamt
UHV ultra-high vacuum Y
UIC Union Internationale des Chemins de Fer
ULSI ultralarge-scale integration YAG yttrium aluminum garnet
USAXS ultrasmall-angle scattering YIG yttrium-iron garnet
uSp United States Pharmacopeia YS yield strength
UT ultrasonic technique
UTS ultimate tensile strength Z
uv ultraviolet
UVSG UV Spectrometry Group ZOLZ zero-order Laue zone
Uxo unexploded ordnance ZRA zero-resistance ammetry
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1. Introduction to Metrology and Testing

This chapter reviews the methodologies of mea-
surement and testing. It gives an overview of
metrology and presents the fundamentals of
materials characterization as a basis for

1. Chemical and microstructural analysis
2. Materials properties measurement
3. Materials performance testing

which are treated in parts B, C, and D of the
handbook.

1.1 Methodologies of Measurement

and Testing...................cocoooiiil 3
111 Measurement ..........cooeviiiiiinnnen. 3
11,2 Testing...ooeevieiniii 5

In science and engineering, objects of interest have to
be characterized by measurement and testing. Measure-
ment is the process of experimentally obtaining quantity
values that can reasonably be attributed to a property of

1.1.3 Conformity Assessment

and Accreditation......................... 7
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a body or substance. Metrology is the science of mea-
surement. Testing is the technical procedure consisting
of the determination of characteristics of a given object
or process, in accordance with a specified method [1.1].

1.1 Methodologies of Measurement and Testing

The methodologies of measurement and testing to deter-
mine characteristics of a given object are illustrated in
a unified general scheme in Fig. 1.1, which is discussed
in the next sections.

1.1.1 Measurement

Measurement begins with the definition of the mea-
surand, the quantity intended to be measured. The
specification of a measurand requires knowledge of the
kind of quantity and a description of the object car-
rying the quantity. When the measurand is defined, it
must be related to a measurement standard, the realiza-
tion of the definition of the quantity to be measured.
The measurement procedure is a detailed description

of a measurement according to a measurement princi-
ple and to a given measurement method. It is based
on a measurement model, including any calculation
to obtain a measurement result. The basic features of
a measurement procedure are the following [1.1].

® Measurement principle: the phenomenon serving as
a basis of a measurement

® Measurement method: a generic description of
a logical organization of operations used in a mea-
surement

® Measuring system: a set of one or more measur-
ing instruments and often other devices, including
any reagent and supply, assembled and adapted to
give information used to generate measured quan-
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ST units Reference
material
| Characteristics
Measurement l
Measurand
standard . ..
Chemical composition,
geometry, structure,
physical properties,
Measurement procedure Testing procedure engineering properties,
other
Measurement principle Test principle
Measurement method Test method
S Measuring system Instrumentation
— . - — Reference procedure
e Measurement uncertainty Quality assurance P

Measurement result:
Quantity value
+ uncertainty (unit)

Testing result: Specified characteristic of an
object by qualitative and quantitative means,
and adequately estimated uncertainties

Fig.1.1 The methodologies of measurement (light brown) and testing (dark brown) — a general scheme
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\
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i | Reference standards
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Industry, academia, '

. \
regulators, hospitals 0 | Ve S | k

End users

Fig.1.2 The traceability chain for measurements

tity values within specified intervals for quantities
of specified kinds

® Measurement uncertainty: a nonnegative parameter
characterizing the dispersion of the quantity values
being attributed to a measurand

The result of a measurement has to be expressed as
a quantity value together with its uncertainty, including
the unit of the measurand.

Traceability and Calibration
The measured quantity value must be related to a ref-
erence through a documented unbroken traceability
chain. The traceability of measurement is described in
detail in Sect.3.2. Figure 1.2 illustrates this concept
schematically.

The traceability chain ensures that a measurement
result or the value of a standard is related to references
at the higher levels, ending at the primary standard,
based on the International System of Units (le Sys-
teme International d’Unités, SI) (Sect. 1.2.3). An end
user may obtain traceability to the highest interna-
tional level either directly from a national metrology
institute or from a secondary calibration laboratory, usu-
ally an accredited laboratory. As a result of various
mutual recognition arrangements, internationally rec-
ognized traceability may be obtained from laboratories
outside the user’s own country. Metrological timelines
in traceability, defined as changes, however slight, in
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all instruments and standards over time, are discussed
in [1.2].

A basic tool in ensuring the traceability of a mea-
surement is either the calibration of a measuring
instrument or system, or through the use of a reference
material. Calibration determines the performance char-
acteristics of an instrument or system before its use,
while reference material calibrates the instrument or
system at time of use. Calibration is usually achieved
by means of a direct comparison against measurement
standards or certified reference materials and is docu-
mented by a calibration certificate for the instrument.

The expression “traceability to the SI” means trace-
ability of a measured quantity value to a unit of the
International System of Units. This means metrologi-
cal traceability to a dematerialized reference, because
the SI units are conceptually based on natural con-
stants, e.g., the speed of light for the unit of length.
So, as already mentioned and shown in Fig. 1.1, the
characterization of the measurand must be realized by
a measurement standard (Sect.1.2.4). If a measured
quantity value is an attribute of a materialized object
(e.g., a chemical substance, a material specimen or
a manufactured product), also an object-related trace-
ability (speciation) to a materialized reference (Fig. 1.1)
is needed to characterize the object that bears the metro-
logically defined and measured quantity value.

Uncertainty of Measurements

Measurement uncertainty comprises, in general, many
components and can be determined in different
ways [1.3]. The Statistical Evaluation of Results is ex-
plained in detail in Sect.3.3, and the Accuracy and
Uncertainty of Measurement is comprehensively de-
scribed in Sect.3.4. A basic method to determine
uncertainty of measurements is the Guide to the expres-
sion of uncertainty in measurement (GUM) [1.4], which
is shared jointly by the Joint Committee for Guides
in Metrology (JCGM) member organizations (BIPM,
IEC, IFCC, ILAC, ISO, IUPAC, IUPAP and OIML).
The concept of the GUM can be briefly outlined as
follows [1.5].

The GUM Uncertainty Philosophy.

® A measurement quantity X, whose value is not
known exactly, is considered as a stochastic variable
with a probability function.

® The result x of measurement is an estimate of the
expectation value E(X).

® The standard uncertainty u(x) is equal to the square
root of an estimate of the variance V(X).

® Type A uncertainty evaluation. Expectation and
variance are estimated by statistical processing of
repeated measurements.

® Type B uncertainty evaluation. Expectation and
variance are estimated by other methods than those
used for type A evaluations. The most commonly
used method is to assume a probability distribution,
e.g., a rectangular distribution, based on experience
or other information.

The GUM Method Based on the GUM Philosophy.

® Identify all important components of measurement
uncertainty. There are many sources that can con-
tribute to measurement uncertainty. Apply a model
of the actual measurement process to identify the
sources. Use measurement quantities in a mathemat-
ical model.

® Calculate the standard uncertainty of each compo-
nent of measurement uncertainty. Each component
of measurement uncertainty is expressed in terms
of the standard uncertainty determined from either

a type A or type B evaluation.

® Calculate the combined uncertainty u (the un-
certainty budget). The combined uncertainty is
calculated by combining the individual uncertainty
components according to the law of propagation of
uncertainty. In practice

— for a sum or a difference of components, the
combined uncertainty is calculated as the square
root of the sum of the squared standard uncer-
tainties of the components;

— for a product or a quotient of components, the
same sum/difference rule applies as for the rela-
tive standard uncertainties of the components.

® C(Calculate the expanded uncertainty U by multi-
plying the combined uncertainty with the coverage

factor k.

e State the measurement result in the form X =x+U.

The methods to determine uncertainties are pre-
sented in detail in Sect. 3.4.

1.1.2 Testing

The aim of testing is to determine characteristics
(attributes) of a given object and express them by qual-
itative and quantitative means, including adequately
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estimated uncertainties, as outlined in the right-hand
side of Fig. 1.1. For the testing methodology, metrol-
ogy delivers the basis for the comparability of test
results, e.g., by defining the units of measurement and
the associated uncertainty of the measurement results.
Essential tools supporting testing include reference
materials, certified reference materials, and reference
procedures.

® Reference material (RM) [1.6]: a material, suffi-
ciently homogeneous and stable with regards to
specified properties, which has been established to
be fit for its intended use in measurement or in ex-
amination of nominal properties
® (Certified reference material (CRM): a reference ma-
terial, accompanied by documentation issued by an
authoritative body and providing one or more spec-
ified property values with associated uncertainties
and traceabilities, using a valid procedure
® Reference procedures [1.5]: procedures of testing,
measurement or analysis, thoroughly characterized
and proven to be under control, intended for
— quality assessment of other procedures for com-
parable tasks, or
— characterization of reference materials including
reference objects, or
— determination of reference values.

The uncertainty of the results of a reference proce-
dure must be adequately estimated and appropriate for
the intended use. Recommendations/guides for the de-

termination of uncertainties in different areas of testing
include

® Guide for the estimation of measurement uncer-
tainty in testing [1.7]

® Guide to the evaluation of measurement uncertainty
for quantitative tests results [1.8]

® Guide for chemistry [1.9]

® Measurement uncertainty in environmental labora-
tories [1.10]

® Uncertainties in calibration and testing [1.11].

The methodology of testing combined with mea-
surement is exemplified in Fig. 1.3 for the determination
of mechanical characteristics of a technical object.

Generally speaking, the mechanical properties of
materials characterize the response of a material sample
to loading. The mechanical loading action on ma-
terials in engineering applications can basically be
categorized as tension, compression, bending, shear
or torsion, which may be static or dynamic. In addi-
tion, thermomechanical loading effects can occur. The
testing of mechanical properties consists of measur-
ing the mechanical loading stress (force/cross-sectional
area = F/A) and the corresponding materials response
(strain, elongation) and expressing this as a stress—
strain curve. Its regimes and data points characterize the
mechanical behavior of materials.

Consider for example elasticity, which is an im-
portant characteristic of all components of engineered
structures. The elastic modulus (E) describes the rela-

Loading

tension, compression,
bending, shear, torsion,
- static force F, or

- dynamic force F'

Technical object

‘ geometry, dimensions

composition microstructure

Material sample:

Stress, strain

Stress—strain curve (static loading)

Strength = F /A,

F/A

IS Plasticity E Fracture
g Elasticity | : Strain:
%) E—ole | ! & =All,

Reference procedure, — Reference N Eaamm Measuren}ent standards

e.g. tensile test material — llogl ftovas /7 : (calibrated) :

- uniaxial stress - sample length .

- linear-elastic deformation - reference temperature T Eﬁiad nf:ilses Extensmnil;,terk

- alignment of sample — SI(K) e —» gage blocks

axis and F-vector SI (kg) — SI (m)

Fig.1.3 The combination of measurement and testing to determine mechanical characteristics of the technical object
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tion between a stress (o) imposed on a material and
the strain (¢) response of the material, or vice versa.
The stimulus takes the form of an applied load, and
the measured effect is the resultant displacement. The
traceability of the stress is established through the use
of a calibrated load cell and by measuring the speci-
men cross-sectional area with a calibrated micrometer,
whereas the traceability of the strain is established
by measuring the change in length of the originally
measured gage length, usually with a calibrated strain
gage. This, however, is not sufficient to ensure re-
peatable results unless a testing reference procedure,
e.g., a standardized tensile test, is used on identi-
cally prepared specimens, backed up by a reference
material.

Figure 1.3 illustrates the metrological and techno-
logical aspects.

® Metrologically, the measurands of the strength value
are the force (F), area (A), and the length measure-
ment (/) of the technical object, all at a reference
temperature (7).

The confidence
ring

Traceable input Traceable response

e.g. load e.g. displacement
l—> Material
response
S

Procedural Traceable material
aspects characterization
e.g. alignment e.g. scale (grain size),
quality (porosity)

Reference temperature

-
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® Technologically and concerning testing, the me- Fig.1.4 Confidence ring for material property combined measure-
chanical characteristics expressed in a stress—strain  ment and testing — note that separate traceability requirements apply
curve depend on at least the following groups of to applied stimulus (load), response (displacement), and material

influencing parameters, to be backed up by appro-

priate references.

— The chemical and physical nature of the ob-
ject: chemical composition, microstructure, and
structure—property relations such as crystallo-
graphic shape-memory effects [1.12]; for exam-
ple, strength values of metals are significantly
influenced by alloying elements, grain size
(fine/coarse), work-hardening treatment, etc.

— The mechanical loading action and dependence
on deformation amplitude: tension, compres-
sion, bending, shear, and torsion; for example,
tensile strength is different from shear strength
for a given material.

— The time dependence of the loading mode forces
(static, dynamic, impact, stochastic) and devi-
ations from simple linear-elastic deformation
(anelastic, viscoelastic or micro-viscoplastic de-
formation). Generally, the dynamic strength of
a material is different from its static strength.

The combined measurement and testing methodolo-
gies, their operating parameters, and the traceability
requirements are illustrated in a highly simplified
scheme by the confidence ring [1.13] shown in Fig. 1.4.

characterization (grain size, porosity)

The confidence ring illustrates that, in measurement
and testing, it is generally essential to establish reliable
traceability for the applied stimulus and the resulting
measured effect as well as for the measurements of
any other quantities that may influence the final result.
The final result may also be affected by the measure-
ment procedure, by temperature, and by the state of
the sample. It is important to understand that vari-
ation in measured results will often reflect material
inhomogeneity as well as uncertainties associated with
the test method or operator variability. All uncertain-
ties should be taken into account in an uncertainty
budget.

1.1.3 Conformity Assessment
and Accreditation

In today’s global market and world trade there is an
increased need for conformity assessment to ensure
that products and equipment meet specifications. The
basis for conformity assessment are measurements to-
gether with methods of calibration, testing, inspection,
and certification. The goal of conformity assessment
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Table1.1 Standards of conformity assessment tools

Tools for conformity
assessment

First party
Supplier, user

regulators

Supplier’s declaration
Calibration, testing
Inspection
Certification

is to provide the user, purchaser or regulator with the
necessary confidence that a product, service, process,
system or person meets relevant requirements. The
international standards relevant for conformity assess-
ment services are provided by the ISO Committee on
Conformity Assessment (CASCO). The conformity as-
sessment tools are listed in Table 1.1, where their use
by first parties (suppliers), second parties (customers,
regulators, trade organizations), and third parties (bod-
ies independent from both suppliers and customers) is
indicated.

Along with the growing use of these conformity
assessment tools there is the request for assurance of
the competence of the conformity assessment bodies

Second party
Customers,
trade associations,

Third party ISO standards

Bodies independent

from 1st and

2nd parties
ISO/IEC 17050
ISO/IEC 17025
ISO/IEC 17020
1SO 17021
ISO Guide 65

(CABs). An increasingly applied and recognized tool
for this assurance is accreditation of CABs.

The world’s principal international forum for the
development of laboratory accreditation practices and
procedures is the International Laboratory Accred-
itation Cooperation (ILAC, http://www.ilac.org/). It
promotes laboratory accreditation as a trade facilitation
tool together with the recognition of competent cali-
bration and testing facilities around the globe. ILAC
started as a conference in 1977 and became a for-
mal cooperation in 1996. In 2000, 36 ILAC members
signed the ILAC Mutual Recognition Arrangement
(MRA), and by 2008 the number of members of the
ILAC MRA had risen to 60. Through the evaluation

Conformity assessment service:

The process for determining whether products, processes,
systems or people meet specified requirements

Conformity assessment bodies

' Market, trade ;

: . D Demands
v Conforming ez for

E Techgology, Prod'ucts, TG, o Purc{lasers, : facilitating
i | suppliers services regulators ' trade

i Requirements !

______ J

B

Demands for

Testing Inspection

- - - - competent

assessment

Accreditation service

assures the competence of the conformity assessment bodies

, conformity

Demands for competent accreditation
of conformity assessment bodies

Fig.1.5 Interrelations between market, trade, conformity assessment, and accreditation
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of the participating accreditation bodies, the interna-
tional acceptance of test data and the elimination of
technical barriers to trade are enhanced as recom-
mended and in support of the World Trade Organization

1.2 Overview of Metrology

Having considered the methodologies of measurement
and testing, a short general overview of metrology is
given, based on Metrology — in short [1.5], a brochure
published by EURAMET to establish a common metro-
logical frame of reference.

1.2.1 The Meter Convention

In the middle of the 19th century the need for a world-
wide decimal metric system became very apparent,
particularly during the first universal industrial exhibi-
tions. In 1875, a diplomatic conference on the meter
took place in Paris, at which 17 governments signed the
diplomatic treaty the Meter Convention. The signatories

(WTO) Technical Barriers to Trade agreement. An
overview of the interrelations between market, trade,
conformity assessment, and accreditation is shown in
Fig. 1.5.

decided to create and finance a permanent scientific in-
stitute: the Bureau International des Poids et Mesures
(BIPM). The Meter Convention, slightly modified in
1921, remains the basis of all international agreement
on units of measurement. Figure 1.6 provides a brief
overview of the Meter Convention Organization (details
are described in Chap. 2).

1.2.2 Categories of Metrology
Metrology covers three main areas of activities [1.5].

1. The definition of internationally accepted units of
measurement

The Metre Convention

international convention established in 1875 with 54 member states in 2010

National Metrology Institutes
NMIs develop
and maintain national

measurement standards,

CGPM Conférence Générale des Poids et Mésures
Committee with representatives from the Meter Convention
member states. First conference held in 1889 and meets every

fundamental metrological research.

4th year. Approves and updates the SI system with results from

represent the country
internationally in relation to
other national metrology
institutes and to the BIPM.
A NMI or its national
government may appoint

designated institutes in
the country to hold specific

CIPM Comité Internationale des Poids et Mésures
Committee with up to 18 representatives from CGPM.
Supervises BIPM and supplies chairmen for the Consultative
Committees (CC).

national standards.

CIPM MRA (signed 1999)

Mutual recognition arran-

BIPM Bureau Consultative Committees
International des AUV Acoustics, ultrasound, vibration
Poids et Mésures EM Electricity and magnetism
International research in L Length

physicals units and M  Mass and related quantities
standards. Administration PR  Photometry and radiometry
of interlaboratory QM Amount of substance
comparisons of the RI  Ionizing radiation

national metrology T Thermometry

institutes (NMI) and TF  Time and frequency
designated laboratories. U Units.

gement between NMIs to
establish equivalence of
national NMI measurement
standards and to provide
mutual recognition of the
NMI calibration and
measurement certificates.

Fig.1.6 The organizations and their relationships associated with the Meter Convention
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2. The realization of units of measurement by scientific
methods

3. The establishment of traceability chains by deter-
mining and documenting the value and accuracy of
a measurement and disseminating that knowledge

Metrology is separated into three categories with
different levels of complexity and accuracy (for details,
see Chaps. 2 and 3).

Scientific Metrology
Scientific metrology deals with the organization and
development of measurement standards and their main-
tenance. Fundamental metrology has no international
definition, but it generally signifies the highest level of
accuracy within a given field. Fundamental metrology
may therefore be described as the top-level branch of
scientific metrology.

Scientific metrology is categorized by BIPM into
nine technical subject fields with different branches.
The metrological calibration and measurement capa-
bilities (CMCs) of the national metrology institutes
(NIMs) and the designated institutes (DIs) are com-
piled together with key comparisons in the BIPM key
comparison database (KCDB, http://kcdb.bipm.org/).
All CMCs have undergone a process of peer evalu-
ation by NMI experts under the supervision of the
regional metrology organizations (RMOs). Table 1.2
shows the scientific metrology fields and their branches
together with the number of registered calibration
and measurement capabilities (CMCs) of the NMIs in
2010.

Industrial Metrology
Industrial metrology has to ensure the adequate func-
tioning of measurement instruments used in industrial
production and in testing processes. Systematic mea-
surement with known degrees of uncertainty is one of
the foundations of industrial quality control. Generally
speaking, in most modern industries the costs bound up
in taking measurements constitute 10—15% of produc-
tion costs.

However, good measurements can significantly in-
crease the value, effectiveness, and quality of a product.
Thus, metrological activities, including calibration, test-
ing, and measurements, are valuable inputs to ensure
the quality of most industrial processes and quality
of life related activities and processes. This includes
the need to demonstrate traceability to international
standards, which is becoming just as important as the
measurement itself. Recognition of metrological com-
petence at each level of the traceability chain can be
established through mutual recognition agreements or
arrangements, as well as through accreditation and peer
review.

Legal Metrology

Legal metrology originated from the need to ensure
fair trade, specifically in the area of weights and mea-
sures. The main objective of legal metrology is to assure
citizens of correct measurement results when used in of-
ficial and commercial transactions. Legally controlled
instruments should guarantee correct measurement re-
sults throughout the whole period of use under working
conditions, within given permissible errors.

Table1.2 Metrology areas and their branches, together with the numbers of metrological calibration and measurement
capabilities (CMCs) of the national metrology institutes and designated institutes in the BIPM KCDB as of 2010

Metrology area
Acoustics, ultrasound, vibrations
Electricity and magnetism

Length
Mass and related quantities
Photometry and radiometry

Amount of substance
ITonizing radiation
Thermometry

Branch CMCs
Sound in air; sound in water; vibration 955
DC voltage, current, and resistance; impedance up to the megahertz range; 6586
AC voltage, current, and power; high voltage and current;

other DC and low-frequency measurements; electric and magnetic fields;

radiofrequency measurements

Laser; dimensional metrology 1164
Mass; density; pressure; force; torque, viscosity, hardness and gravity; fluid flow 2609
Photometry; properties of detectors and sources; spectral properties; color; 1044
fiber optics

List of 16 amount-of-substance categories 4558
Dosimetry; radioactivity; neutron measurements 3983
Temperature; humidity; thermophysical quantities 1393
Time scale difference; frequency; time interval 586

Time and frequency
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For example, in Europe, the marketing and usage of
the following measuring instruments are regulated by
the European Union (EU) measuring instruments direc-
tive (MID 2004/22/EC)

1. Water meters

2. Gas meters

3. Electrical energy meters and measurement trans-
formers

Heat meters

Measuring systems for liquids other than water
Weighing instruments

Taximeters

Material measures

Dimensional measuring systems

0. Exhaust gas analyzers

SO XA

Member states of the European Union have the op-
tion to decide which of the instrument types they wish
to regulate.

The International Organization of Legal Metrology
(OIML) is an intergovernmental treaty organization es-
tablished in 1955 on the basis of a convention, which
was modified in 1968. In the year 2010, OIML was
composed of 57 member countries and an additional
58 (corresponding) member countries that joined the
OIML (http://www.oiml.org/) as observers. The pur-
pose of OIML is to promote global harmonization of
legal metrology procedures. The OIML has developed
a worldwide technical structure that provides its mem-
bers with metrological guidelines for the elaboration
of national and regional requirements concerning the

Table1.3 The SI base units

manufacture and use of measuring instruments for legal
metrology applications.

1.2.3 Metrological Units

The idea behind the metric system — a system of units
based on the meter and the kilogram — arose dur-
ing the French Revolution when two platinum artefact
reference standards for the meter and the kilogram
were constructed and deposited in the French National
Archives in Paris in 1799 — later to be known as the Me-
ter of the Archives and the Kilogram of the Archives.
The French Academy of Science was commissioned by
the National Assembly to design a new system of units
for use throughout the world, and in 1946 the MKSA
system (meter, kilogram, second, ampere) was accepted
by the Meter Convention countries. The MKSA was ex-
tended in 1954 to include the kelvin and candela. The
system then assumed the name the International System
of Units (Le Systeme International d’Unités, SI). The
SI system was established in 1960 by the 11th General
Conference on Weights and Measures (CGPM): The In-
ternational System of Units (SI) is the coherent system
of units adopted and recommended by the CGPM.

At the 14th CGPM in 1971 the SI was again ex-
tended by the addition of the mole as base unit for
amount of substance. The SI system is now comprised
of seven base units, which together with derived units
make up a coherent system of units [1.5], as shown in
Table 1.3.

The meter is the length of the path traveled by light in a vacuum during a time interval
of 1/299792458 of a second

The kilogram is equal to the mass of the international prototype of the kilogram

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 cesium-133

The ampere is that constant current which, if maintained in two straight parallel con-
ductors of infinite length, of negligible circular cross-section, and placed one meter
apart in vacuum, would produce between these conductors a force equal to 2x 10~/
newtons per meter of length

The kelvin is the fraction 1/273.16 of the thermodynamic temperature of the triple

The mole is the amount of substance of a system that contains as many elementary
entities as there are atoms in 0.012 kg of carbon-12. When the mole is used, the ele-
mentary entities must be specified and may be atoms, molecules, ions, electrons, other
particles, or specified groups of such particles

Quantity Base unit Symbol Definition
Length Meter m
Mass Kilogram kg
Time Second S
atom
Electric current Ampere A
Temperature Kelvin K
point of water
Amount of substance Mole mol
Luminous intensity Candela cd

The candela is the luminous intensity in a given direction of a source that emits
monochromatic radiation of frequency 540x 1012Hz and has a radiant intensity in
that direction of 1/683 W per steradian

n
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Table 1.4 Examples of SI derived units expressed in SI base units

Derived quantity Si derived unit special name Symbol In SI units In SI base units
Force Newton N mkgs™2
Pressure, stress Pascal Pa N/m? m~! kgs—?
Energy, work, quantity of heat Joule J Nm m? kg s—2
Power Watt w J/s m? kgs™3
Electric charge Coulomb C sA
Electromotive force Volt v m?kgs™> A~!
Electric capacitance Farad F C/V m—2kg~! s* A%
Electric resistance Ohm Q V/A m?kgs™3 A2
Electric conductance Siemens S A/V m~2kg~!s3 A2

SI derived units are derived from the SI base units
in accordance with the physical connection between
the quantities. Some derived units, with examples from
mechanical engineering and electrical engineering, are
compiled in Table 1.4.

1.2.4 Measurement Standards
In the introductory explanation of the methodology
of measurement, two essential aspects were pointed

out.

1. Measurement begins with the definition of the mea-
surand.

2. When the measurand is defined, it must be related
to a measurement standard.

A measurement standard, or etalon, is the realization
of the definition of a given quantity, with stated quantity
value and associated measurement uncertainty, used as
areference. The realization may be provided by a mater-
ial measure, measuring instrument, reference material
or measuring system.

Typical measurement standards for subfields of
metrology are shown in Fig.1.7 in connection with
the scheme of the measurement methodology (left-hand
side of Fig.1.1). Consider, for example, dimensional
metrology. The meter is defined as the length of the path

Measurement methodology Metrology Measurement standards
subfield (examples)
OBJECT Dimensional Gauge blocks, optical
metrology interferometry, measuring
length microscopes, coordinate
MESTEmEt measuring instruments
standard <:> Mass Standard balances,
mass comparators

| Measurement procedure |

Measurement principle
Measurement method
Measurement system
Measurement uncertainty

4

Measurement result
Quantity value
+ uncertainty (unit)

—@ration

Force, pressure Load cells, dead-weight
testers, pressure balances,

capacitance manometers

Electricity (DC) Josephson effect, quantum
Hall effect, Zener diode,
comparator bridges

Photometry Si photodiodes, quantum
efficiency detectors

Temperature Gas thermometers, IST 90
fixed points, thermocouples
pyrometers

Time Cesium atomic clock, time

measurement interval equipment

Fig.1.7 Measurement standards as an integral part of the measurement methodology
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traveled by light in vacuum during a time interval of
1/299792 458 of a second. The meter is realized at the
primary level (SI units) in terms of the wavelength from
an iodine-stabilized helium-neon laser. On sublevels,
material measures such as gage blocks are used, and
traceability is ensured by using optical interferometry to
determine the length of the gage blocks with reference
to the above-mentioned laser light wavelength.

A national measurement standard is recognized by
a national authority to serve in a state or economy as
the basis for assigning quantity values to other measure-
ment standards for the kind of quantity concerned. An
international measurement standard is recognized by
signatories to an international agreement and intended
to serve worldwide, e.g., the international prototype of
the kilogram.

1.3 Fundamentals of Materials Characterization

Materials characterization methods have a wide scope
and impact for science, technology, economy, and so-
ciety, as materials comprise all natural and synthetic
substances and constitute the physical matter of engi-
neered and manufactured products.

For materials there is a comprehensive spectrum of
materials measurands. This is due to the broad variety
of metallic, inorganic, organic, and composite materials,
their different chemical and physical nature, and the
manifold attributes which are related to materials with
respect to composition, microstructure, scale, synthe-
sis, physical and electrical properties, and applications.
Some of these attributes can be expressed in a metro-
logical sense as numbers, such as density; some are
Boolean, such as the ability to be recycled or not; some,
such as resistance to corrosion, may be expressed as
aranking (poor, adequate, good, for instance); and some
can only be captured in text and images [1.14]. As back-
ground for materials characterization methods, which
are treated in parts B, C, D of the handbook, namely

® Chemical and microstructural analysis
® Materials properties measurement
® Materials performance testing

the essential features of materials are outlined in the
next sections [1.15].

1.3.1 Nature of Materials

Materials can be natural (biological) in origin or syn-
thetically processed and manufactured. According to
their chemical nature, they are broadly grouped tradi-
tionally into inorganic and organic materials.

The physical structure of materials can be crys-
talline or amorphous, as well as mixtures of both
structures. Composites are combinations of materials
assembled together to obtain properties superior to
those of their single constituents. Composites (C) are

classified according to the nature of their matrix: metal
(MM), ceramic (CM) or polymer (PM) matrix com-
posites, often designated as MMCs, CMCs, and PMCs,
respectively. Figure 1.8 illustrates, with characteristic
examples, the spectrum of materials between the cat-
egories natural, synthetic, inorganic, and organic.

From the view of materials science, the fundamental
features of a solid material are as listed below.

® Material’s atomic nature: the atomic elements of the
Periodic Table which constitute the chemical com-
position of a material
® Material’s atomic bonding: the type of cohe-
sive electronic interactions between the atoms (or
molecules) in a material, empirically categorized
into the following basic classes.
— Ionic bonds form between chemical elements
with very different electron negativity (tendency

Natural

Wood,
paper

Minerals

Composites

MMC, CMC, PMC

Inorganic

Metals,

i Polymers
ceramics

Fig.1.8 Classification of materials
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Metallic materials are usually polycrystalline and
may contain at the mm scale up to hundreds of
grains with various lattice defects

Interstitual point defect

Example: cross section
of a metallic material,
polished and etched to
visualize grains

Substituted atom Embedded hard phase
. . Slip bands
1 Edge Incoherent Latsiicearizinizd (lattice steps due to
: " dislocation  precipitations precipitations plastic deformation)
Vacancy + +7/ /
L] + + +
o @ et
e °° + +
L J
' | -+ Grain boundary
precipitations =
Unit cell
of a-iron >
(beo) \ /
Screw Areal grain
dislocation bqupdqry Grain diameter
precipitations

(um scale)

Fig.1.9 Schematic overview on the microstructural features of metallic materials and alloys

to gain electrons), resulting in electron transfer
and the formation of anions and cations. Bond-
ing occurs through electrostatic forces between
the ions.

— Covalent bonds form between elements that e
have similar electron negativities; the electrons
are localized and shared equally between the @
atoms, leading to spatially directed angular
bonds.

— Metallic bonds occur between elements with
low electron negativities, so that the electrons @
are only loosely attracted to the ionic nuclei.

A metal is thought of as a set of positively
charged ions embedded in a sea of electrons.

— van der Waals bonds are due to the different
internal electronic polarities between adjacent
atoms or molecules, leading to weak (sec-
ondary) electrostatic dipole bonding forces.

® Material’s spatial atomic structure: the amorphous

or crystalline arrangement of atoms (or molecules) @

resulting from long-range or short-range bonding

forces. In crystalline structures, it is characterized

by unit cells which are the fundamental building

blocks or modules, repeated many times in space

within a crystal.

Grains: crystallites made up of identical unit cells

repeated in space, separated by grain boundaries.

Phases: homogeneous aggregations of matter with

respect to chemical composition and uniform crystal

structure; grains composed of the same unit cells are

the same phase.

Lattice defects: deviations from ideal crystal struc-

ture.

— Point defects or missing atoms: vacancies, inter-
stitial or substituted atoms

— Line defects or rows of missing atoms: disloca-
tions

— Area defects: grain boundaries, phase bound-
aries, and twins

— Volume defects: cavities, precipitates.

Microstructure: The microscopic collection of

grains, phases, and lattice defects.
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In addition to bulk materials characteristics, surface and
interface phenomena also have to be considered.

In Fig. 1.9 an overview of the microstructural fea-
tures of metallic materials is depicted schematically.
Methods and techniques for the characterization of
nanoscopic architecture and microstructure are pre-
sented in Chap. 5.

1.3.2 Types of Materials

It has been estimated that there are between 40000
and 80 000 materials which are used or can be used in
today’s technology [1.14]. Figure 1.10 lists the main
conventional families of materials together with ex-
amples of classes, members, and attributes. For the
examples of attributes, necessary characterization meth-
ods are listed.

Metallic Materials and Alloys

In metals, the grains are the buildings blocks and are
held together by the electron gas. The free valence
electrons of the electron gas account for the high electri-
cal and thermal conductivity, as well as for the optical
gloss of metals. Metallic bonding, seen as the interac-
tion between the total atomic nuclei and the electron
gas, is not significantly influenced by displacement of
atoms, which is the reason for the good ductility and
formability of metals. Metals and metallic alloys are
the most important group of the so-called structural
materials whose special features for engineering appli-
cations are their mechanical properties, e.g., strength
and toughness.

Semiconductors

Semiconductors have an intermediate position between
metals and inorganic nonmetallic materials. Their most
important representatives are the elements silicon and
germanium, possessing covalent bonding and diamond
structure; they are also similar in structure to III-V com-
pounds such as gallium arsenide (GaAs). Being electric
nonconductors at absolute zero temperature, semicon-
ductors can be made conductive through thermal energy
input or atomic doping, which leads to the creation
of free electrons contributing to electrical conductivity.
Semiconductors are important functional materials for
electronic components and applications.

Inorganic Nonmetallic Materials or Ceramics
Atoms of these materials are held together by covalent
and ionic bonding. As covalent and ionic bonding en-
ergies are much higher than those of metallic bonds,
inorganic nonmetallic materials, such as ceramics, have
high hardness and high melting temperatures. These
materials are basically brittle and not ductile: In contrast
to the metallic bond model, displacement of atomic di-
mensions theoretically breaks localized covalent bonds
or transforms anion—cation attractions into anion—anion
or cation—cation repulsions. Because of the lack of free
valence electrons, inorganic nonmetallic materials are
poor conductors of electricity and heat; this qualifies
them as good insulators in engineering applications.

Organic Materials or Polymers and Blends
Organic materials, whose technologically most impor-
tant representatives are the polymers, consist of macro-

Subject | | Family | | Class | | Member |
* Natural (Steels /CuBeCo /Composition \
. . .
* Ceramics Cast iron CuCd C.hemlcal analysis
Density
* Polymers Al-alloys CuCr — Measurement
Sl * Metals < Cu-alloys < Bronze < Sl
) — Measurement
* Semiconductors Ni-alloys CuPb e e nED
» Composites Ti-alloys CuTe —3-body-systems testing
. . Reliability
* Biomaterials \_Zn-alloys \Cqu (’ Probabilistic simulation /

Fig.1.10 Hierarchy of materials, and examples of attributes and necessary characterization methods
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molecules containing carbon (C) covalently bonded
with itself and with elements of low atomic num-
ber (e.g., H, N, O, S). Intimate mechanical mixtures
of several polymers are called blends. In thermoplas-
tic materials, the molecular chains have long linear
structures and are held together by (weak) intermolec-
ular (van der Waals) bonds, leading to low melting
temperatures. In thermosetting materials, the chains
are connected in a network structure and therefore
do not melt. Amorphous polymer structures (e.g.,
polystyrene) are transparent, whereas crystalline poly-
mers are translucent to opaque. The low density of
polymers gives them a good strength-to-weight ratio
and makes them competitive with metals in structural
engineering applications.

Composites

Generally speaking, composites are hybrid creations
made of two or more materials that maintain their
identities when combined. The materials are chosen
so that the properties of one constituent enhance the
deficient properties of the other. Usually, a given prop-
erty of a composite lies between the values for each
constituent, but not always. Sometimes, the property
of a composite is clearly superior to those of either
of the constituents. The potential for such a syn-
ergy is one reason for the interest in composites for
high-performance applications. However, because man-
ufacturing of composites involves many steps and
is labor intensive, composites may be too expen-
sive to compete with metals and polymers, even if
their properties are superior. In high-technology ap-
plications of advanced composites, it should also
be borne in mind that they are usually difficult to
recycle.

Natural Materials

Natural materials used in engineering applications are
classified into natural materials of mineral origin, e.g.,
marble, granite, sandstone, mica, sapphire, ruby, or di-
amond, and those of organic origin, e.g., timber, India
rubber, or natural fibres such as cotton and wool. The
properties of natural materials of mineral origin, for ex-
ample, high hardness and good chemical durability, are
determined by strong covalent and ionic bonds between
their atomic or molecular constituents and stable crystal
structures. Natural materials of organic origin often pos-
sess complex structures with directionally dependent
properties. Advantageous aspects of natural materials
are ease of recycling and sustainability.

Biomaterials

Biomaterials can be broadly defined as the class of
materials suitable for biomedical applications. They
may be synthetically derived from nonbiological or
even inorganic materials, or they may originate in liv-
ing tissues. Products that incorporate biomaterials are
extremely varied and include artificial organs; biochem-
ical sensors; disposable materials and commodities;
drug-delivery systems; dental, plastic surgery, ear, and
ophthalmological devices; orthopedic replacements;
wound management aids; and packaging materials for
biomedical and hygienic uses. When applying bio-
materials, understanding of the interactions between
synthetic substrates and biological tissues is of crucial
importance to meet clinical requirements.

1.3.3 Scale of Materials

The geometric length scale of materials covers more
than 12 orders of magnitude. The scale ranges from

Nanoscale Microscale

Macroscale

¢ Atomic, molecular

* Macro engineering

nanoarchitecture .
* Microstructures * Bulk components

« Electronic, quantum of materials

structures » Assembled structures

* Engineered systems
Nanometer Micrometer Millimeter Meter Kilometer
| | | | | | | | | | | |
107 10 107 1 Scale (m) ——— 10°

Fig.1.11 Scale of material dimensions to be recognized in materials metrology and testing
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Source: K.J. Klabunde (2001)

Example of the scale dependence of materials properties

Mechanical strength and stiffness of carbon nanotubes

* Compression strength: 2 times than that of Kevlar
* Tensile strength: 10 times than that of steel
« Stiffness: 2000 times than that of diamond

Scale: 10 nm diameter

Source: G. Bachmann, VDI-TZ (2004)

Fig.1.12 Examples of the influence of scale effects on thermal and mechanical materials properties

the nanoscopic materials architecture to kilometer-long
structures of bridges for public transport, pipelines, and
oil drilling platforms for supplying energy to society.
Figure 1.11 illustrates the dimensional scales relevant
for today’s materials science and technology.

Material specimens of different geometric dimen-
sions have different bulk-to-surface ratios and may also
have different bulk and surface microstructures. This
can significantly influence the properties of materials,
as exemplified in Fig. 1.12 for thermal and mechanical
properties. Thus, scale effects have to be meticulously
considered in materials metrology and testing.

1.3.4 Properties of Materials

Materials and their characteristics result from the
processing of matter. Their properties are the re-
sponse to extrinsic loading in their application. For
every application, materials have to be engineered
by processing, manufacturing, machining, forming or
nanotechnology assembly to create structural, func-

tional or smart materials for the various engineering
tasks (Fig. 1.13).

The properties of materials, which are of fundamen-
tal importance for their engineering applications, can be
categorized into three basic groups.

1. Structural materials have specific mechanical or
thermal properties for mechanical or thermal tasks
in engineering structures.

2. Functional materials have specific electromagnetic
or optical properties for electrical, magnetic or opti-
cal tasks in engineering functions.

3. Smart materials are engineered materials with
intrinsic or embedded sensor and actuator func-
tions, which are able to accommodate materials
in response to external loading, with the aim of
optimizing material behavior according to given re-
quirements for materials performance.

Numerical values for the various materials prop-
erties can vary over several orders of magnitude for
the different material types. An overview of the broad

7
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Fig.1.13 Materials and their characteristics result from the processing of matter
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numerical spectra of some mechanical, electrical, and
thermal properties of metals, inorganics, and organics is
shown in Fig. 1.14 [1.16].

It must be emphasized that the numerical ranking of
materials in Fig. 1.14 is based on rough, average val-
ues only. Precise data of materials properties require the
specification of various influencing factors described
above and symbolically expressed as

Materials properties data
= f(composition—microstructure—scale,

external loading, ...) .

1.3.5 Performance of Materials

For the application of materials as constituents of
engineered products, performance characteristics such
as quality, reliability, and safety are of special im-
portance. This adds performance control and material
failure analysis to the tasks of application-oriented ma-
terials measurement, testing, and assessment. Because
all materials interact with their environment, materials—
environment interactions and detrimental influences on

Raw materials

¢ Ores

¢ Natural substances
e Coal « Oil

¢ Chemicals

the integrity of materials must also be considered. An
overview of the manifold aspects to be recognized in the
characterization of materials performance is provided in
Fig. 1.15.

The so-called materials cycle depicted schemati-
cally in Fig.1.15 applies to all manmade technical
products in all branches of technology and econ-
omy. The materials cycle illustrates that materials
(accompanied by the necessary flow of energy and in-
formation) move in cycles through the technoeconomic
system: from raw materials to engineering materials
and technical products, and finally, after the termina-
tion of their task and performance, to deposition or
recycling.

The operating conditions and influencing factors
for the performance of a material in a given applica-
tion stem from its structural tasks and functional loads,
as shown in the right part of Fig. 1.15. In each appli-
cation, materials have to fulfil technical functions as
constituents of engineered products or parts of tech-
nical systems. They have to bear mechanical stresses
and are in contact with other solid bodies, aggressive
gases, liquids or biological species. In their functional
tasks, materials always interact with their environment,

Engineering materials

T——

Metals e Polymers

| Functional loads

Structural materials

.
e Ceramics * Composites
.
¢ Functional materials

Materials—environment interactions

/ <:| Materials

integrity
| Recycling | -
» Aging
Products * Biodegradation
* Corrosion
i(
systems o
* Fracture
* Scrap
Deposition | * Waste End of use
* Refuse

Fig.1.15 The materials cycle of all products and technical systems
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(temperature variations), chemical (moisture), and tribological (cyclic
rolling, Hertzian wheel-contact pressure, interfacial microslip)

Fig.1.16 Fundamentals of materials performance characterization: influencing phenomena

so these aspects also have to be recognized to character-
ize materials performance.

For the proper performance of engineered mater-
ials, materials deterioration processes and potential
failures, such as materials aging, biodegradation, corro-
sion, wear, and fracture, must be controlled. Figure 1.16
shows an overview of influences on materials integrity
and possible failure modes.

Figure 1.16 illustrates in a generalized, simplified
manner that the influences on the integrity of materials,
which are essential for their performance, can be cate-
gorized in mechanical, thermal, radiological, chemical,
biological, and tribological terms. The basic materials
deterioration mechanisms, as listed in Fig. 1.15, are ag-
ing, biodegradation, corrosion, wear, and fracture.

The deterioration and failure modes illustrated in
Fig. 1.16 are of different relevance for the two ele-
mentary classes of materials, namely organic materials
and inorganic materials (Fig. 1.8). Whereas aging and
biodegradation are main deterioration mechanisms for
organic materials such as polymers, the various types of
corrosion are prevailing failure modes of metallic mater-
ials. Wear and fracture are relevant as materials deterio-
ration and failure mechanisms for all types of materials.

1.3.6 Metrology of Materials

The topics of measurement and testing applied to ma-
terials (in short metrology of materials) concern the
accurate and fit-for-purpose determination of the behav-
ior of a material throughout its lifecycle.

Recognizing the need for a sound technical basis
for drafting codes of practice and specifications for ad-
vanced materials, the governments of countries of the
Economic Summit (G7) and the European Commis-
sion signed a Memorandum of Understanding in 1982
to establish the Versailles Project on Advanced Mater-
ials and Standards (VAMAS, http://www.vamas.org/).
This project supports international trade by enabling
scientific collaboration as a precursor to the drafting
of standards. Following a suggestion of VAMAS, the
Comité International des Poids et Mesures (CIPM,
Fig. 1.6) established an ad hoc Working Group on the
Metrology Applicable to the Measurement of Material
Properties. The findings and conclusions of the Work-
ing Group on Materials Metrology were published in
a special issue of Metrologia [1.17]. One important find-
ing is the confidence ring for traceability in materials
metrology (Fig. 1.4).
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Fig.1.17 Characteristics of materials to be recognized in metrology and testing

Materials in engineering design have to meet one
or more structural, functional (e.g., electrical, optical,
magnetic) or decorative purposes. This encompasses
materials such as metals, ceramics, and polymers, re-
sulting from the processing and synthesis of matter,
based on chemistry, solid-state physics, and surface
physics. Whenever a material is being created, devel-
oped or produced, the properties or phenomena that
the material exhibits are of central concern. Experience
shows that the properties and performance associated
with a material are intimately related to its composi-
tion and structure at all scale levels, and influenced
also by the engineering component design and produc-
tion technologies. The final material, as a constituent
of an engineered component, must perform a given
task and must do so in an economical and societally
acceptable manner. All these aspects are compiled in
Fig. 1.17 [1.15].

The basic groups of materials characteristics essen-
tially relevant for materials metrology and testing, as
shown in the central part of Fig. 1.17, can be categorized
as follows.

® [ntrinsic characteristics are the material’s com-
position and material’s microstructure, described
in Sect.1.3.1. The intrinsic (inherent) materials
characteristics result from the processing and syn-

thesis of matter. Metrology and testing to determine
these characteristics have to be backed up by suit-
able reference materials and reference methods, if
available.

® Extrinsic characteristics are the material’s prop-
erties and material’s performance, outlined in
Sects. 1.3.4 and 1.3.5. They are procedural charac-
teristics and describe the response of materials and
engineered components to functional loads and en-
vironmental deterioration of the material’s integrity.
Metrology and testing to determine these character-
istics have to be backed up by suitable reference
methods and nondestructive evaluation (NDE).

It follows that, in engineering applications of mater-
ials, methods and techniques are needed to characterize
intrinsic and extrinsic material attributes, and to con-
sider also structure—property relations. The methods
and techniques to characterize composition and mi-
crostructure are treated in part B of the handbook. The
methods and techniques to characterize properties and
performance are treated in parts C and D. The final
part E of the handbook presents important modeling and
simulation methods that underline measurement pro-
cedures that rely on mathematical models to interpret
complex experiments or to estimate properties that can-
not be measured directly.
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2. Metrology Principles and Organization

This chapter describes the basic elements of
metrology, the system that allows measurements
made in different laboratories to be confidently
compared. As the aim of this chapter is to give an
overview of the whole field, the development of
metrology from its roots to the birth of the Me-
tre Convention and metrology in the 21st century is
given.
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2.1 The Roots and Evolution of Metrology

From the earliest times it has been important to com-
pare things through measurements. This had much to
do with fair exchange, barter, or trade between commu-
nities, and simple weights such as the stone or measures
such as the cubit were common. At this level, parts of
the body such as hands and arms were adequate for
most needs. Initially, wooden length bars were easy to
compare and weights could be weighed against each
other. Various forms of balance were commonplace in
early history and in religion. Egyptian tomb paintings
show the Egyptian god Anubis weighing the soul of
the dead against an ostrich feather — the sign of purity
(Fig.2.1). Noah’s Ark was, so the Book of Genesis re-
ports, 300 cubits long by 50 cubits wide and 30 cubits
high. No one really knows why it was important to
record such details, but the Bible, as just one example,
is littered with metrological references, and the symbol-
ism of metrology was part of early culture and art.

A steady progression from basic artifacts to natu-
rally occurring reference standards has been part of the
entire history of metrology. Metrologists are familiar
with the use of the carob seed in early Mediterranean

civilizations as a natural reference for length and for
weight and hence volume. The Greeks were early
traders who paid attention to metrology, and they were
known to keep copies of the weights and measures of
the countries with which they traded.

Fig. 2.1 Anubis
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Fig.2.2

Winchester yard

The Magna Carta of England set out a framework for
a citizen’s rights and established one measure through-
out the land. Kings and queens took interest in national
weights and measures; Fig.2.2 shows the Winchester
yard, the bronze rod that was the British standard from
1497 to the end of the 16th century. The queen’s mark
we see here is that of Elizabeth the First (1558-1603).
In those days, the acre was widely used as a measure-
ment, derived from the area that a team of oxen could
plow in a day. Plowing an acre meant that you had to
walk 66 furlongs, a linear dimension measured in rods.

The problem with many length measurements was
that the standard was made of the commonly available
metals brass or bronze, which have a fairly large co-
efficient of expansion. Iron or steel measures were not
developed for a couple of centuries. Brass and bronze
therefore dominated the length reference business un-
til the early 19th century, by which time metallurgy had
developed enough — though it was still something of
a black art — for new, lower-expansion metals to be used
and reference temperatures quoted. The UK imperial

references were introduced in 1854 and reproduced in
Trafalgar Square in the center of London (Fig. 2.3), and
the British Empire’s domination of international com-
merce saw the British measurement system adopted in
many of its colonies.

In the mid 18th century, Britain and France com-
pared their national measurement standards and realized
that they differed by a few percent for the same unit.
Although the British system was reasonably consistent
throughout the country, the French found that differ-
ences of up to 50% were common in length measurement
within France. The ensuing technical debate was the start
of what we now accept as the metric system. France led
the way, and even in the middle of the French Revolution
the Academy of Science was asked to deduce an invari-
able standard for all the measures and all the weights.
The important word was invariable. There were two op-
tions available for the standard of length: the second’s
pendulum and the length of the Earth’s meridian. The ob-
vious weakness of the pendulum approach was that its
period depended on the local acceleration due to grav-
ity. The academy therefore chose to measure a portion
of the Earth’s circumference and relate it to the official
French meter. Delambre and Méchain, who were en-
trusted with a survey of the meridian between Dunkirk
and Barcelona, created the famous Meétre des Archives,
a platinum end standard.

The international nature of measurement was driven,
just like that of the Greek traders of nearly 2000 years
before, by the need for interoperability in trade and ad-
vances in engineering measurement. The displays of
brilliant engineering at the Great Exhibitions in London
and Paris in the 19th century largely rested on the ability
to measure well. The British Victorian engineer Joseph
Whitworth coined the famous phrase you can only make
as well as you can measure and pioneered accurate screw
threads. He immediately saw the potential of end stan-
dard gages rather than line standards where the reference
length was defined by a scratch on the surface of a bar.
The difficulty, he realized, with line standards was that
optical microscopes were not then good enough to com-
pare measurements of line standards well enough for the
best precision engineering. Whitworth was determined
to make the world’s best measuring machine. He con-
structed the quite remarkable millionth machine based
on the principle that touch was better than sight for preci-
sion measurement. It appears that the machine had a feel
of about 1/10 of a thousandth of an inch. Another inter-
esting metrological trend at the 1851 Great Exhibition
was military: the word calibrate comes from the need to
control the caliber of guns.
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2.2 BIPM: The Birth of the Metre Convention

At the turn of the 19th century, many of the industri-
alized countries had set up national metrology institutes,
generally based on the model established in Germany
with the Physikalisch Technische Reichsanstalt, which
was founded in 1887. The economic benefits of such
a national institute were immediately recognized, and as
aresult, scientific and industrial organizations in a num-
ber of industrialized countries began pressing their gov-
ernments to make similar investments. In the UK, the
British Association for the Advancement of Science re-
ported that, without a national laboratory to act as a focus
for metrology, the country’s industrial competitiveness
would be weakened. The cause was taken up more widely,
and the UK set up the National Physical Laboratory
(NPL) in 1900. The USA created the National Bureau of
Standards in 1901 as a result of similar industrial pres-
sure. The major national metrology institutes (NMIs),
however, had a dual role. In general, they were the main
focus for national research programs on applied physics
and engineering. Their scientific role in the development
of units — what became the International System of Units,
the SI — began to challenge the role of the universities in
the measurement of fundamental constants. This was es-
pecially true after the development of quantum physics in
the 1920s and 1930s. Most early NMlIs therefore began
with two major elements to their mission

® arequirement to satisfy industrial needs for accurate
measurements, through standardization and verifica-
tion of instruments; and

® determination of physical constants so as to improve
and develop the SI system.

The new industries which emerged after the First World
War made huge demands on metrology and, together
with mass production and the beginnings of multina-
tional production sites, raised new challenges which
brought NMIs into direct contact with companies, so
causing a close link to develop between them. At that
time, and even up to the mid 1960s, nearly all cali-
brations and measurements that were necessary for in-
dustrial use were made in the NMlIs, and in the gage
rooms of the major companies, as were most measure-
ments in engineering metrology. The industries of the
1920s, however, developed a need for electrical and opti-
cal measurements, so NMIs expanded their coverage and
their technical abilities.

The story since then is one of steady technical ex-
pansion until after the Second World War. In the 1950s,
though, there was renewed interest in a broader ap-
plied focus for many NMlIs so as to develop civilian
applications for much of the declassified military tech-
nology. The squeeze on public budgets in the 1970s
and 1980s saw a return to core metrology, and many
other institutions, public and private, took on the re-
sponsibility for developing many of the technologies,
which had been initially fostered at NMIs. The NMIs
adjusted to their new roles. Many restructured and
found new, often improved, ways of serving indus-
trial needs. This recreation of the NMI role was also
shared by most governments, which increasingly saw
them as tools of industrial policy with a mission to
stimulate industrial competitiveness and, at the end of
the 20th century, to reduce technical barriers to world
trade.

2.2 BIPM: The Birth of the Metre Convention

A brief overview of the Metre Convention has already
been given in Sect. 1.2.1. In the following, the historical
development will be described.

During the 1851 Great Exhibition and the 1860
meeting of the British Association for the Advance-
ment of Science (BAAS), a number of scientists and
engineers met to develop the case for a single system
of units based on the metric system. This built on the
early initiative of Gauss to use the 1799 meter and
kilogram in the Archives de la République, Paris and
the second, as defined in astronomy, to create a co-
herent set of units for the physical sciences. In 1874,
the three-dimensional CGS system, based on the cen-
timeter, gram, and second, was launched by the BAAS.

However, the size of the electrical units in the CGS sys-
tem were not particularly convenient and, in the 1880s,
the BAAS and the International Electrotechnical Com-
mission (IEC) approved a set of practical electrical units
based on the ohm, the ampere, and the volt. Parallel to
this attention to the units, a number of governments set
up what was then called the Committee for Weights and
Money, which in turn led to the 1870 meeting of the
Commission Internationale du Metre. Twenty-six coun-
tries accepted the invitation of the French Government
to attend; however, only 16 were able to come as the
Franco—Prussian war intervened, so the full commit-
tee did not meet until 1872. The result was the Metre
Convention and the creation of the Bureau International
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Fig. 2.4 Bureau International des Poids et Mesures, Sévres

des Poids et Mesures (BIPM, International Bureau of
Weights and Measures), in the old Pavillon de Breteuil
at Sevres (Fig.2.4), as a permanent scientific agency
supported by the signatories to the convention. As this
required the support of governments at the highest level,
the Metre Convention was not finally signed until 20
May 1875.

The BIPM’s role was to establish new metric stan-
dards, conserve the international prototypes (then the
meter and the kilogram) and to carry out the compar-
isons necessary to assure the uniformity of measures
throughout the world. As an intergovernmental, diplo-
matic treaty organization, the BIPM was placed under
the authority of the General Conference on Weights
and Measures (CGPM). A committee of 18 scientific
experts, the International Committee for Weights and
Measures (CIPM), now supervises the running of the
BIPM. The aim of the CGPM and the CIPM was, and
still is, to assure the international unification and de-
velopment of the metric system. The CGPM now meets
every 4 years to review progress, receive reports from
the CIPM on the running of the BIPM, and establish the
operating budget of the BIPM, whereas the CIPM meets
annually to supervise the BIPM’s work.

When it was set up, the staff of the BIPM con-
sisted of a director, two assistants, and the necessary
number of employees. In essence, then, a handful of

2.3 BIPM: The First 75 Years

After its intervention in the initial development of the
SI, the BIPM continued to develop fundamental metro-
logical techniques in mass and length measurement but
soon had to react to the metrological implications of

people began to prepare and disseminate copies of
the international prototypes of the meter and the kilo-
gram to member states. About 30 copies of the meter
and 40 copies of the prototype kilogram were dis-
tributed to member states by ballot. Once this was
done, some thought that the job of the BIPM would
simply be that of periodically checking (in the jar-
gon, verifying) the national copies of these standards.
This was a short-lived vision, as the early investiga-
tions immediately showed the importance of reliably
measuring a range of quantities that influenced the
performance of the international prototypes and their
copies. As a result, a number of studies and projects
were launched which dealt with the measurement of
temperature, density, pressure, and a number of related
quantities. The BIPM immediately became a research
body, although this was not recognized formally until
1921.

Returning to the development of the SI, one of the
early decisions of the CIPM was to modify the CGS
system to base measurements on the meter, kilogram,
and second — the MKS system. In 1901, Giorgi showed
that it was possible to combine the MKS system with
the practical electrical units to form a coherent four-
dimensional system by adding an electrical unit and
rewriting some of the equations of electromagnetism in
the so-called rationalized form. In 1946, the CIPM ap-
proved a system based on the meter, kilogram, second,
and ampere — the MKSA system. Recognizing the am-
pere as a base unit of the metric system in 1948, and
adding, in 1954, units for thermodynamic temperature
(the kelvin and luminous intensity (the candela), the
11th CGPM in 1960 coined the name Systéme inter-
nationale d’Unités, the SI. At the 14th CGPM in 1971,
the present-day SI system was completed by adding the
mole as the base unit for the amount of substance, bring-
ing the total number of base units to seven. Using these
base units, a hierarchy of derived units and quantities of
the ST have been developed for most, if not all, measure-
ments needed in today’s society. A substantial treatment
of the SI is to be found in the 8th edition of the SI
brochure published by the BIPM [2.1].

major developments in atomic physics and interferom-
etry. In the early 1920s, Albert Michelson came to
work at the BIPM and built an eponymous interfer-
ometer to measure the meter in terms of light from
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the cadmium red line — an instrument which, although
modified, did sterling service until the 1980s. In tem-
perature measurement, the old hydrogen thermometer
scale was replaced with a thermodynamic-based scale
and a number of fixed points. After great debate, elec-
trical standards were added to the work of the BIPM in
the 1920s with the first international comparisons of re-
sistance and voltage. In 1929, an electrical laboratory
was added, and photometry arrived in 1939.

In these early days, it was clear that the BIPM
needed to find a way of consulting and collaborating
with the experts in the world’s NMIs. The solution
adopted is one which still exists and flourishes today.
The best way of working was in face-to-face meetings,
so the concept of a consultative committee to the CIPM
was born. Members of the committee were drawn from
experts active in the world’s NMIs and met to deal
with matters concerning the definitions of units and the
techniques of comparison and calibration. The consul-
tative committees are usually chaired by a member of
the CIPM. Much information was shared, although for
obvious logistical reasons, the meetings were not too
frequent. Over the years, the need for new consulta-
tive committees grew in reaction to the expansion of
metrology, and now 10 consultative committees exist,
with over 25 working groups.

The CIPM is rightly cautious about establishing
a new committee, but proposals for new ones are con-
sidered from time to time, usually after an initial survey
through a working group. In the last 10 years, joint com-
mittees have been created to tackle issues such as the

international approach to the estimation of measure-
ment uncertainties or to the establishment of a common
vocabulary for metrology. Most of these joint com-
mittees bring the BIPM together with international or
intergovernmental bodies such as the International Or-
ganization for Standardization (ISO), the International
Laboratory Accreditation Cooperation (ILAC), and the
IEC. As the work of the Metre Convention moves
into areas other than its traditional activities in physics
and engineering, joint committees are an excellent way
of bringing the BIPM together with other bodies that
bring specialist expertise — an example being the joint
committee for laboratory medicine, established recently
with the International Federation of Clinical Chemists
and the ILAC.

The introduction of ionizing radiation standards to
the work of the BIPM came when Marie Curie de-
posited her first radium standard at the BIPM in 1913.
As a result of pressure, largely from the USSR delega-
tion to the CGPM, the CIPM took the decision to deal
with metrology in ionizing radiation.

In the mid 1960s, and at the time of the expansion
into ionizing radiation, programs on laser length mea-
surement were also started. These contributed greatly to
the redefinition of the meter in 1983. The BIPM also
acted as the world reference center for laser wavelength
or frequency comparisons in much the same was as it
did for physical artifact-based standards. In the mean-
time, however, the meter bar had already been replaced,
in 1960, by an interferometric-based definition using
optical radiation from a krypton lamp.

Table 2.1 List of consultative committees with dates of formation

Names of consultative committees and the date of their formation

(Names of consultative committees have changed as they have gained new responsibilities;
the current name is cited)

Consultative Committee for Electricity and Magnetism, CCEM (1997, but created in 1927)
Consultative Committee for Photometry and Radiometry, CCPR (1971 but created in 1933)

Consultative Committee for Thermometry, CCT (1937)

Consultative Committee for Length, CCL (1997 but created in 1952)

Consultative Committee for Time and Frequency, CCTF (1997, but created 1956)

Consultative Committee for Ionizing Radiation, CCRI (1997, but created in 1958)

Consultative Committee for Units, CCU (1964, but replacing a similar commission created in 1954)
Consultative Committee for Mass and Related Quantities, CCM (1980)

Consultative Committee for Amount of Substance and Metrology in Chemistry, CCQM (1993)
Consultative Committee for Acoustics, Ultrasound, and Vibration, CCAUYV (1999)
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2.4 Quantum Standards: A Metrological Revolution

Technology did not stand still, and in reaction to
the developments and metrological applications of su-
perconductivity, important projects on the Josephson,
quantum Hall, and capacitance standards were launched
in the late 1980s and 1990s. The BIPM played a key
role in establishing worldwide confidence in the perfor-
mance of these new devices through an intense program
of comparisons which revealed many of the system-
atic sources of error and found solutions to them. The
emergence of these and other quantum-based standards,
however, was an important and highly significant de-
velopment. In retrospect, these were one of the drivers
for change in the way in which world metrology orga-
nizes itself and had implications nationally as well as
internationally.

The major technical change was, in essence, a be-
lief that standards based on quantum phenomena were
the same the world over. Their introduction sometimes
made it unnecessary for a single, or a small number of,
reference standards to be held at the BIPM or in a few of
the well-established and experienced NMIs. Quantum-
based standards were, in reality, available to all and,
with care, could be operated outside the NMIs at very
high levels of accuracy.

There were two consequences. Firstly, that the
newer NMIs that wanted to invest in quantum-based
standards needed to work with experienced metrolo-
gists in existing NMIs in order to develop their skills as
rapidly as possible. Many of the older NMIs, therefore,
became adept at training and providing the necessary
experience for newer metrologists. The second con-
sequence was an increased pressure for comparisons
of standards, as the ever-conservative metrology com-
munity sought to develop confidence in new NMIs as
well as in the quantum-based standards. These included
frequency-stabilized lasers, superconducting voltage
and resistance standards, cryogenic radiometers (for
measurements related to the candela), atomic clocks
(for the second), and a range of secondary standards.

Apart from its responsibility to maintain the interna-
tional prototype kilogram (Fig. 2.5), which remains the
last artifact-based unit of the SI, the BIPM was therefore
no longer always the sole repository of an international
primary reference standard. However there were, and
still are, a number of unique reference facilities at the
BIPM for secondary standards and quantities of the SI.
Staff numbers had also leveled off at about 70.

If it was going to maintain its original mission of
a scientifically based organization with responsibility

for coordinating world metrology, the BIPM recognized
that it needed to discharge particular aspects of its treaty
obligation in a different way. It also saw the increased
value of developing the links needed to establish col-
laboration at the international and intergovernmental
level. In addition, the staff had the responsibility to pro-
vide the secretariat to the 10 consultative committees of
the CIPM as well as an increasing number of working
groups. The last 10years of the 20th century, there-
fore, saw the start of a significant change in the BIPM’s
way of working. During this period, it was also faced
with the need to develop a world metrology infrastruc-
ture in new areas such as the environment, chemistry,
medicine, and food. The shift away from physics and
engineering was possible, fortunately, as a result of
the changing way in which the SI units could be real-
ized, particularly through the quantum-based standards.
Other pressures for an increase in the BIPM’s coor-
dination role resulted from the increasingly intensive
program of comparisons brought about by the launch
of the CIPM’s mutual recognition arrangement in the
1990s.

The most recent consequence of these trends was
that the CIPM decided that the photometry and radiom-
etry section would close due to the need to operate
within internationally agreed budgets, ending nearly

Fig. 2.5 International prototype kilogram (courtesy of
BIPM)
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70 years of scientific activity at the BIPM. Additional
savings would also be made by restricting the work of
the laser and length group to a less ambitious program.

A small, 130-year-old institution was therefore in
the process of reinventing itself to take on and develop
a changed but nevertheless unique niche role. This was
still based on technical capabilities and laboratory work
but was one which had to meet the changing, and ex-
panding, requirements of its member states in a different

way. Much more also needed to be done as the ben-
efits of precise, traceable measurement became seen as
important in a number of the new disciplines for metrol-
ogy. This change of emphasis was endorsed at the 2003
General Conference on Weights and Measures as a new
4 year work program (2005-2008) was agreed, as well
as the first real-terms budget increase since the increase
agreed in the mid 1960s which then financed the expan-
sion into ionizing radiation.

2.5 Regional Metrology Organizations

The growth of the number of NMIs and the emergence
of world economic groupings such as the Asia—Pacific
Economic Cooperation and the European Union mean
that regional metrological groupings have become
a useful way of addressing specific regional needs and
can act as a mutual help or support network. The first
such group was probably in Europe, where an organi-
zation now named EURAMET emerged from a loose
collaboration of NMIs based on the Western European
Metrology Club. There are now five regional metrology
organizations (RMOs): the Asian—Pacific Metrology
Program (APMP) with perhaps the largest geographi-
cal coverage from India in the west to New Zealand in
the east and extending into Asia, the Euro—Asian Co-
operation in Metrology amongst the Central European
Countries (COOMET), the European Association of
National Metrology Institutes (EURAMET), the South-
ern African Development Community Cooperation in
Measurement Traceability (SADCMET), and Sistema
Interamericano de Metrologia (SIM, Inter-American

2.6 Metrological Traceability

Traceability of measurement has been a core concern of
the Metre Convention from its inception, as has been
emphasized already in Sect.2.1. Initially, a measure-
ment is always made in relation to a more accurate
reference, and these references are themselves cali-
brated or measured against an even more accurate
reference standard. The chain follows the same pattern
until one reaches the national standards. (For technical
details see Chap. 3.)

The NMIs’ job was to make sure that the na-
tional standards were traceable to the SI and were
accurate enough to meet national needs. As NMIs
themselves stopped doing all but the highest accuracy
measurements and as accredited laboratories, usually

Metrology System) which covers Southern, Central, and
North America). The RMOs play a vital role in en-
couraging coherence within their region and between
regions; without their help, the Metre Convention would
be far more difficult to administer and its outreach to
nonmembers — who may, however, be members of an
RMO - would be more difficult.

Traditionally, NMIs have served their own national
customers. It is only within the last 10 years that re-
gional metrology organizations have started to become
more than informal associations of national laborato-
ries and have begun to develop strategies for mutual
dependence and resource sharing, driven by concerns
about budgets and the high cost of capital facilities. The
sharing of resources is still, however, a relatively small
proportion of all collaborations between NMIs, most of
which are still at the research level. It is, of course,
no coincidence that RMOs are based on economic or
trading blocs and that these groupings are increasingly
concerned with free trade within and between them.

in the commercial sector, took on the more routine
tasks, the concept of a national hierarchy of trace-
able measurements became commonplace, frequently
called a national measurement system. In general, the
technical capabilities of the intermediate laboratories
are assured by their accreditation to the international
documentary standards ISO/IEC 17025 by a national
accreditation body, usually a member of the Interna-
tional Laboratory Accreditation Cooperation (ILAC)
(Sect. 1.1.3). At the top of the traceability system,
measurements were relatively few in number and had
the lowest uncertainty. Progressing down the traceabil-
ity chain introduced a greater level of uncertainty of
measurement, and generally speaking, a larger number
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of measurements are involved. Traceability itself also
needed to be defined. The international vocabulary of
metrology (VIM) defines traceability as [2.2]:

The property of a measurement result relating the
result to a stated metrological reference through an
unbroken chain of calibrations or comparisons each
contributing to the stated uncertainty.

The important emphasis is on uncertainty of mea-
surement (for a detailed treatment of measurement
uncertainty, the reader is referred to the Guide to the ex-
pression of uncertainty in measurement (GUM) [2.3])
and the need for the continuous unbroken chain of mea-
surement. Comparisons of standards or references are
a common way of demonstrating confidence in the mea-
surement processes and in the reference standards held
either in the NMIs or in accredited laboratories. The
national accreditation body usually takes care of these
comparisons at working levels, sometimes called in-
terlaboratory comparisons (ILCs) or proficiency testing
(Sect. 3.6).

At the NMI level, the framework of the BIPM
and the CIPM’s consultative committees (CCs) took
care of the highest level comparisons. However, the in-
creased relevance of traceable measurement to trade,

and the need for demonstrable equivalence of the na-
tional standards held at NMIs, and to which national
measurements were traceable, took a major turn in the
mid 1990s. This event was stimulated by the need, from
the accreditation community as much as from regulators
and trade bodies, to know just how well the NMI stan-
dards agreed with each other. Unlike much of the work
of the consultative committees, this involved NMIs of
all states of maturity working at all levels of accuracy.
The task of comparing each and every standard was too
great and too complex for the CC network, so a novel
approach needed to be adopted. In addition, it became
increasingly clear that the important concept was one
of measurements traceable to the SI through the stan-
dards realized and maintained at NMIs, rather than to
the NMI-based standards themselves. Not to develop
and work with this concept would run the risk of creat-
ing technical barriers to trade (TBTs) if measurements
in a certain country were legally required to be trace-
able to the NMI standards or if measurements made
elsewhere were not recognized. The World Trade Or-
ganization was turning its attention towards the need
for technical measurements to be accepted worldwide
and was setting challenging targets for the reduction of
TBTs. The metrology community needed to react.

2.7 Mutual Recognition of NMI Standards: The CIPM MRA

The result was the creation, by the CIPM, of a mutual
recognition arrangement (MRA) for the recognition and
acceptance of NMI calibration and test certificates. The
CIPM MRA is one of the key events of the last few
years, and one which may be as significant as the Metre
Convention itself. The CIPM MRA has a direct impact
on the reduction of technical barriers to trade and to
the globalization of world business. The CIPM MRA
was launched at a meeting of NMIs from member states
of the Metre Convention held in Paris on 14 October
1999, at which the directors of the national metrology
institutes of 38 member states of the convention and rep-
resentatives of two international organizations became
the first signatories.

2.7.1 The Essential Points of the MRA
The objectives of the CIPM MRA are

® to establish the degree of equivalence of national
measurement standards maintained by NMIs,

® to provide for the mutual recognition of calibration
and measurement certificates issued by NMIs, and

® thereby to provide governments and other parties
with a secure technical foundation for wider agree-
ments related to international trade, commerce, and
regulatory affairs.

The procedure through which an NMI, or any other rec-
ognized signatory, joins the MRA is based on the need
to demonstrate their technical competence, and to con-
vince other signatories of their performance claims. In
essence, these performance claims are the uncertainties
associated with the routine calibration services which
are offered to customers and which are traceable to the
SI. Initial claims, called calibration and measurement
capabilities (CMCs), are first made by the laboratory
concerned. They are then first reviewed by technical
experts from the local regional metrology organization
and, subsequently, by other RMOs. The technical ev-
idence for the CMC claims is generally based on the
institute’s performance in a number of comparisons
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carried out and managed by the relevant CIPM consulta-
tive committees (CCs) or by the RMO. This apparently
complex arrangement is needed because it would be
technically, financially or organizationally impossible
for each participant to compare its own SI standards
with all others. The CIPM places particular importance
on two types of comparisons

® international comparisons of measurements, known
as CIPM key comparisons and organized by the
CCs, which generally involve only those laborato-
ries which perform at the highest level. The subject
of a key comparison is chosen carefully by the CC
to be representative of the ability of the laboratory
to make a range of related measurements;

® key or supplementary international comparisons of
measurements, usually organized by the RMOs and
which include some of the laboratories which took
part in the CIPM comparisons as well as other lab-
oratories from the RMO. RMO key comparisons
are in the same technical area as the CIPM com-
parison, whereas supplementary comparisons are
usually carried out to meet a special regional need.

Using this arrangement, we can establish links between
all participants to provide the technical basis for the
comparability of the SI standards at each NMI. Reports
of all the comparisons are published in the key compar-
ison database maintained by the BIPM on its website
(www.bipm.org).

These comparisons differ from those traditionally
carried out by the CCs, which were largely for scien-
tific reasons and which established the dependence of
the SI realizations on the effects which contributed to
the uncertainty of the realization. In CIPM and RMO
key or supplementary comparisons, however, each par-
ticipant carries out the measurements without knowing
the results of others until the comparison has been
completed. They provide, therefore, an independent as-
sessment of performance. The CIPM, however, took
the view that comparisons are made at a specific mo-
ment in time and so required participating NMIs to
install a quality system which could help demonstrate
confidence in the continued competence of participants
in between comparisons. All participants have chosen
to use the ISO/IEC 17025 standard and have the op-
tion of a third-party accreditation by an ILAC member
or a self-declaration together with appropriate peer re-
views.

The outcome of this process is that it gives NMIs
the confidence to recognize the results of key and sup-
plementary comparisons as stated in the database and

therefore to accept the calibration and measurement ca-
pabilities of other participating NMlIs.

When drawing up its MRA, the CIPM was acutely
aware that its very existence, and the mutual acceptance
of test and calibration certificates between its members,
might be seen as a technical barrier to trade in itself. The
concept of associate members of the CGPM was there-
fore developed. An associate has, in general, the right
to take part in the CIPM MRA but not to benefit from
the full range of BIPM services and activities, which are
restricted to convention members. Associate status is in-
creasingly popular with developing countries, as it helps
them gain recognition worldwide but does not commit
them to the additional expense of convention member-
ship, which may be less appropriate for them at their
stage of development.

2.7.2 The Key Comparison Database (KCDB)

The key comparison database, referred to in the MRA
and introduced in Sect. 1.2.2 (Table 1.2), is available on
the BIPM website (www.bipm.org). The content of the
database is evolving rapidly. Appendix A lists signato-
ries, and appendix B contains details of the set of key
comparisons together with the results from those that
have been completed. The database will also contain
a list of those old comparisons selected by the consul-
tative committees that are to be used on a provisional
basis. Appendix C contains the calibration and measure-
ment capabilities of the NMIs that have already been
declared and reviewed within their own regional metrol-
ogy organization (RMO) as well as those other RMOs
that support the MRA.

2.7.3 Take Up of the CIPM MRA

The KCDB data is, at the moment, largely of interest to
metrologists. However, a number of NMIs are keen to
see it taken up more widely, and there are several ex-
amples of references to the CIPM MRA in regulation.
This campaign is at an early stage; an EU-USA trade
agreement cites the CIPM MRA as providing an appro-
priate technical basis for acceptance of measurements
and tests, and the USA’s National Institute of Standards
and Technology (NIST) has opened up a discussion
with the Federal Aviation Authority (FAA) and other
regulators as to the way in which they can use KCDB
data to help the FAA accept the results of tests and
certificates which have been issued outside the USA.
There is a range of additional benefits and conse-
quences of the CIPM MRA. Firstly, anyone can use
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the KCDB to look for themselves at the validated tech-
nical capability of any NMI. As a result, they can,
with full confidence, choose to use its calibration ser-
vices rather than those of their national laboratory and
have the results of these services accepted worldwide.
They can also use the MRA database to search for
NMIs that can satisfy their needs if they are not avail-
able nationally. This easy access and the widespread
and cheap availability of information may well drive
a globalization of the calibration service market and
will enable users to choose the supplier that best meets
their needs. As the MRA is implemented, it will be
a real test of market economics. Secondly, there is
the issue of rapid turnarounds. Companies that have
to send their standards away for calibration do not

2.8 Metrology in the 21st Century

In concluding this review of the work of the Metre Con-
vention, it seems appropriate to take a glance at what
the future may have in store for world metrology and, in
particular, at the new industries and technologies which
require new measurements.

2.8.1 Industrial Challenges

The success of the Metre Convention and, in particu-
lar, the recognized technical and economic benefits of
the CIPM MRA - one estimate by the consulting com-
pany KPMP puts its potential impact on the reduction of
TBTs at some € 4 billion (see the BIPM website) — have
attracted the interest and attention of new communities
of users.

New Technologies
A challenge which tackles the needs of new indus-
tries and exploits new technologies is to enhance our
ability to measure the large, the small, the fast, and
the slow. Microelectronics, telecommunications, and
the study and characterization of surfaces and thin
films will benefit. Many of these trends are regularly
analyzed by NMIs as they formulate their technical
programs, and a summary can be found in the re-
cent report to the 22nd CGPM by its secretary Dr.
Robert Kaarls, entitled Evolving Needs for Metrology
in Trade, Industry, and Society and the Role of the
BIPM. The report can be found on the BIPM website
(http://www.bipm.org/).

have them available for in-house use. This can lead
to costly duplication if continuity of an internal ser-
vice is essential, or to a tendency to increase the
calibration interval if calibrations are expensive. NMIs
therefore have to concentrate increasingly on reduc-
ing turnaround times, or providing better customer
information through calibration management systems.
Some calibrations will always require reasonable peri-
ods of time away from the workplace because of the
need for stability or because NMIs can only (through
their own resource limitations) provide the service at
certain times. This market sensitivity is now fast be-
coming built into service delivery and is, in some cases,
more important to a customer than the actual price of
a calibration.

Materials Characterization

Of particular relevance to the general topic of this
handbook, there has been an interest in a worldwide
framework for traceable measurement of material char-
acteristics. The potential need is for validated, accepted
reference data to characterize materials with respect to
their properties (see Part C) and their performance (see
Part D). To a rather limited extent, some properties are
already covered in a metrological sense (hardness, some
thermophysical or optical properties, for example), but
the vast bulk of materials characteristics, which are
not intrinsic properties but system-dependent attributes
(Sect. 1.3.6), remain outside the work of the conven-
tion. Therefore, relatively few NMIs have been active
in materials metrology, but a group is meeting to decide
whether to make proposals for a new sphere of Metre
Convention activity. A report recommending action was
presented to the CIPM in 2004 and will be followed
up in a number of actions launched by the committee
(Sect. 1.3.6).

Product Appearance
Another challenge is the focus by manufacturers on the
design or appearance of a product, which differentiates
it in the eyes of the consumer from those of their com-
petitors. These rather subjective attributes of a product
are starting to demand an objective basis for compar-
ison. Appearance measurement of quantities such as
gloss, or the need to measure the best conditions in
which to display products under different lighting or pre-



Metrology Principles and Organization

2.8 Metrology in the 21st Century

sentation media (such as a TV tube, flat-panel display,
or a printed photograph), or the response for different
types of sounds combine hard physical or chemical mea-
surements with the subjective and varying responses of,
say, the human eye or ear. However, these are precisely
the quantities that a consumer uses to judge textiles,
combinations of colored products, or the relative sound
reproduction of music systems. They are therefore also
the selling points of the marketer and innovator. How
can the consumer choose and differentiate? How can
they compare different claims? Semisubjective measure-
ments such as these are moving away from the carefully
controlled conditions of the laboratory into the high
street and are presenting exciting new challenges.

NMIs are already becoming familiar with the needs
of their users for color or acoustical measurement ser-
vices, which require a degree of modeling of the user
response and differing reactions depending on environ-
mental conditions such as ambient lighting or noise
background. The fascination of this area is that it com-
bines objective metrology with physiological measure-
ments and the inherent variability of the human eye or
ear, or the ways in which our brains process optical or
auditory stimuli.

Real-Time In-Process Measurements

The industries of today and tomorrow are starting to
erode one of the century-old metrology practices within
which the user must bring their own instruments and
standards to the NMI for calibration. Some of this re-
lates to the optimization of industrial processes, where
far more accurate, real-time, in-process measurements
are made. The economics of huge production processes
demand just-in-time manufacture, active data manage-
ment, and sophisticated process modeling. By reliably
identifying where subelements of a process are be-
having poorly, plant engineers can take rapid remedial
action and so identify trouble spots quickly. However,
actual real-time systems measurements are difficult, and
it is only recently that some NMIs have begun to ad-
dress the concept of an industrial measurement system.
New business areas such as this will require NMIs to
work differently, if for no other reason than because
their customers work differently and they need to meet
the customers’ requirements. Remote telemetry, data fu-
sion, and new sensor techniques are becoming linked
with process modeling, numerical algorithms, and ap-
proximations so that accurate measurement can be put,
precisely, at the point of measurement. These users are
already adopting the systems approach, and some NMIs
are starting to respond to this challenge.

Quantum-Based Standards

There is a trend towards quantum-based standards
in industry, as already highlighted in this chapter.
This is a result of the work of innovative instrument
companies which now produce, for example, stabi-
lized lasers, Josephson-junction voltage standards, and
atomic clocks for the mass market. The availability
of such highly accurate standards in industry is itself
testimony to companies’ relentless quest for improved
product performance and quality. However, without
care and experience, it is all too easy to get the wrong
answer. Users are advised to undertake comparisons
and to cooperate closely with their NMIs to make sure
that these instruments are operated with all the proper
checks and with attention to best practice so that they
may, reliably, bring increased accuracy closer to the end
user [2.4]. Industry presses NMIs — rightly so — for
better performance, and in some areas of real practi-
cal need, NMI measurement capabilities are still rather
close to what industry requires. It is, perhaps, in these
highly competitive and market-driven areas that the key
comparisons and statements of equivalence that are part
of the CIPM MRA will prove their worth. Companies
specify the performance of their products carefully in
these highly competitive markets, and any significant
differences in the way in which NMIs realize the SI
units and quantities will have a direct bearing on com-
petitiveness, market share, and profitability.

2.8.2 Chemistry, Pharmacy, and Medicine

Chemistry, biosciences, and pharmaceuticals are, for
many of us, the new metrology. We are used to the
practices of physical and engineering metrology, and so
the new technologies are challenging our understand-
ing of familiar concepts such as traceability, uncertainty,
and primary standards. Much depends here on the in-
teraction between a particular chemical or species and
the solution or matrix in which it is to be found,
as well as the processes or methods used to make
the measurement. The concept of reference materials
(RMs) (Chap. 3) is well developed in the chemical field,
and the Consultative Committee for Quantity of Mat-
ter Metrology in Chemistry (CCQM) has embarked on
a series of RM and other comparisons to assess the state
of the art in chemical and biological measurements.
Through the CIPM MRA, the international metrol-
ogy community has started to address the needs and
concerns of regulators and legislators. This has already
brought the Metre Convention into the areas of labora-
tory medicine and food [genetically modified organisms
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(GMOs), pesticides, and trace elements]. The BIPM is
only beginning to tackle and respond to the world of
medicine and pharmacy and has created a partnership
with the International Federation of Clinical Chemistry
(IFCC) and ILAC to address these needs in a Joint
Committee for Traceability in Laboratory Medicine
(JCTLM). This is directed initially at a database of ref-
erence materials which meet certain common criteria
of performance. Recognition of the data in the JCTLM
database will, in particular, help demonstrate compli-
ance of the products of the in vitro diagnostic industry
with the requirements of a recent directive [2.5] of the
European Union. The BIPM has signed a memorandum
of understanding with the World Health Organization to
help pursue these matters at an international level.

2.8.3 Environment, Public Services,
and Infrastructures

In the area of the environment, our current knowledge
of the complex interactions of weather, sea currents, and
the various layers of our atmosphere is still not capa-
ble of a full explanation of environmental issues. The
metrologist is, however, beginning to make a recognized
contribution by insisting that slow or small changes,
particularly in large quantities, should be measured
traceably and against the unchanging reference stan-

2.9 The SI System and New Science

Science never stands still, and there are a number of
trends already evident which may have a direct bear-
ing on the definitions of the SI itself. Much of this
is linked with progress in measuring the fundamen-
tal constants, their coherence with each other and the
SI, and the continued belief that they are time and
space invariant. Figure 2.6 shows the current rela-
tionships of the basic SI units defined in Sect. 1.2.3
(Table 1.3).

This figure presents some of the links between the
base units of the SI (shown in circles) and the funda-
mental physical and atomic constants (shown in boxes).
It is intended to show that the base units of the SI are
linked to measurable quantities through the unchanging
and universal constants of physics.

The base units of the International System of Units
defined in Table 1.3 are

A = ampere
K = Kelvin

dards offered through the units and quantities of the SI
system. Similar inroads are being made into the space
community where, for example, international and na-
tional space agencies are starting to appreciate that solar
radiance measurements can be unreliable unless related
to absolute measurements. We await the satellite launch
of a cryogenic radiometer, which would do much to val-
idate and monitor long-term trends in solar physics. The
relevance of these activities is far from esoteric. Gov-
ernments spend huge sums of money in their efforts to
tackle environmental issues, and it is only by putting
measurements on a sound basis that we can begin to
make sure that these investments are justified and are
making a real difference in the long term.

Traceable measurements are beginning to be needed
as governments introduce competition into the supply
of public services and infrastructures. Where utilities,
such as electricity or gas, are offered by several differ-
ent companies, the precise moment at which a consumer
changes supplier can have large financial consequences.
Traceable timing services are now used regularly in
these industries as well as in stock exchanges and the
growing world of e-commerce. Global trading is under-
pinned by globally accepted metrology, often without
users appreciating the sophistication, reliability, and ac-
ceptability of the systems in which they place such
implicit trust.

s = second
m = meter
kg = kilogram
cd = candela

mol = mole

The surrounding boxes, lines, and uncertainties rep-
resent measurable quantities.

The numbers marked next to the base units are esti-
mates of the standard uncertainties of their best practical
realizations.

The fundamental and atomic constants shown are

Rk = von Klitzing constant
Kj = Josephson constant

Ry _9p and Kj_ogp: the conventional values of these constants,
introduced on 1 January 1990
Na = Avogadro constant

F = Faraday constant
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G = Newtonian constant of gravitation
mizc = mass of 12C
m e = electron mass
R~ = Rydberg constant
h = Planck constant
¢ = speed of light
/Lo = magnetic constant
o = fine-structure constant
R = molar gas constant
kg = Boltzmann constant

e = elementary charge

The numbers next to the fundamental and atomic
constants represent the relative standard uncertainties
of our knowledge of these constants (from the 2002
CODATA adjustment).

The grey boxes reflect the unknown long-term sta-
bility of the kilogram artifact and its consequent effects
on the practical realization of the definitions of the am-
pere, mole, and candela.

Based on the fundamental SI units, derived physical
quantities have been defined which can be expressed in

terms of the fundamental SI units, for example, the unit
of force = mass x acceleration is newton = mkg/s2, and
the unit of work = force x distance is joule = m%kg/s2.
A compilation of the units which are used today in sci-
ence and technology is given in the Springer Handbook
of Condensed Matter and Materials Data [2.6].

There is considerable discussion at the mo-
ment [2.7] on the issue of redefinitions of a number
of these base units. The driver is a wish to replace the
kilogram artifact-based definition by one which assigns
a fixed value to a fundamental constant, thereby follow-
ing the precedent of the redefinition of the meter in 1983
which set the speed of light at 299 792458 m/s. There
are two possible approaches — the so-called watt balance
experiment, which essentially is a measure of the Planck
constant, and secondly a measurement of the Avogadro
number, which can be linked to the Planck constant. For
a detailed review of the two approaches and the scien-
tific background see [2.8]. The two approaches, how-
ever, produce discrepant results, and there is insufficient
convergence at the moment to enable a redefinition with
uncertainty of a few parts in 108. This uncertainty has
been specified by the Consultative Committee for Mass

Rx K;
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l |
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Fig. 2.6 Uncertainties of the fundamental constants (CODATA 2002, realization of the SI base units, present best

estimates)
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so as to provide for continuity of the uncertainty re-
quired and for minimum disturbance to the downstream
world of practical mass measurements. If the Planck
constant can be fixed, then it turns out that the elec-
trical units can be related directly to the SI rather than
based on the conventional values ascribed to the Joseph-
son and von Klitzing constants by the CIPM in 1988 and
universally referred to as Rg_gp and Jg_g¢ at the time
of their implementation in 1990. A number of experi-
ments are also underway to make improved measure-
ments of the Boltzmann constant [2.9], which would be
used to redefine the Kelvin, and finally a fixed value of
the Planck constant with its connection to the Avogadro
number would permit a redefinition of the mole.

This is, at the time of writing, a rapidly moving field,
and any summary of the experimental situation would
be rapidly overtaken by events. The reader is referred
to the BIPM website (www.bipm.org), through which
access to the deliberations of the relevant committees
are available. However, the basic policy is now rather
clear, and current thinking is that, within a few years
and when the discrepancies are resolved, the General
Conference on Weights and Measures will be asked to
decide that four base units be redefined using

® a definition of the kilogram based on the Planck
constant A,

® a definition of the ampere based on a fixed value of
the elementary charge e,

Ry hie?
K, 2elh
SI volt 10710
SI ohm 107°
1078

® a definition of the Kelvin based on the value of the
Boltzmann constant kg, and

® adefinition of the mole based on a fixed value of the
Avogadro constant Na.

The values ascribed to the fundamental constants
would be those set by the CODATA group [2.10].

As a result, the new SI would be as shown diagra-
matically in Fig.2.7.

However, definitions are just what the word says
— definitions — and there is a parallel effort to pro-
duce the recipes (called mises en pratique, following the
precedent set at the time of redefining the meter) which
enable their practical realizations worldwide.

When will all this take place? History will be the
judge, but given current progress, the new SI could be
in place by 2015. However, that will not be all.

New femtosecond laser techniques and the high
performance of ion- or atom-trap standards may soon
enable us to define the second in terms of optical
transitions, rather than the current microwave-based
one.

These are exciting times for metrologists. Trends
in measurement are taking us into new regimes, and
chemistry is introducing us to the world of reference
materials and processes and to application areas which
would have amazed our predecessors. What is, however,
at face value surprising is the ability of a 130-year-old
organization to respond flexibly and confidently to these

Fig. 2.7 Relations between the base
units and fundamental constants to-
gether with the uncertainty associated
with each link
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3. Quality in Measurement and Testing

Technology and today's global economy depend on
reliable measurements and tests that are accepted
internationally. As has been explained in Chap.1,
metrology can be considered in categories with
different levels of complexity and accuracy.

Scientific metrology deals with the organization
and development of measurement standards
and with their maintenance.

Industrial metrology has to ensure the ade-
quate functioning of measurement instruments
used in industry as well as in production and
testing processes.

Legal metrology is concerned with meas-
urements that influence the transparency of
economic transactions, health, and safety.

All scientific, industrial, and legal metrological
tasks need appropriate quality methodologies,
which are compiled in this chapter.
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3.1 Sampling

Sampling is arguably the most important part of the
measurement process. It is usually the case that it is
impossible to measure the required quantity, such as
concentration, in an entire batch of material. The taking
of a sample is therefore the essential first step of nearly
all measurements. However, it is commonly agreed that
the quality of a measurement can be no better than the
quality of the sampling upon which it is based. It fol-
lows that the highest level of care and attention paid
to the instrumental measurements is ineffectual, if the
original sample is of poor quality.

3.1.1 Quality of Sampling

The traditional approach to ensuring the quality of
sampling is procedural rather than empirical. It relies
initially on the selection of a correct sampling protocol
for the particular material to be sampled under a par-
ticular circumstance. For example the material may be
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copper metal, and the circumstance could be manufac-
turers’ quality control prior to sale. In general, such
a protocol may be specified by a regulatory body, or
recommended in an international standard or by a trade
organization. The second step is to train the person-
nel who are to take the samples (i.e., the samplers)
in the correct application of the protocol. No sam-
pling protocol can be completely unambiguous in its
wording, so uniformity of interpretation relies on the
samplers being educated, not just in how to interpret
the words, but also in an appreciation of the rationale
behind the protocol and how it can be adapted to the
changing circumstances that will arise in the real world,
without invalidating the protocol. This step is clearly re-
lated to the management of sampling by organizations,
which is often separated from the management of the
instrumental measurements, even though they are both
inextricably linked to the overall quality of the measure-
ment. The fundamental basis of the traditional approach



Quality in Measurement and Testing | 3.1 Sampling 11

to assuring sampling quality is to assume that the cor-
rect application of a correct sampling protocol will give
a representative sample, by definition.

An alternative approach to assuring sampling qual-
ity is to estimate the quality of sampling empirically.
This is analogous to the approach that is routinely taken
to instrumental measurement, where as well as specify-
ing a protocol, there is an initial validation and ongoing
quality control to monitor the quality of the measure-
ments actually achieved. The key parameter of quality
for instrumental measurements is now widely recog-
nized to be the uncertainty of each measurement. This
concept will be discussed in detail later (Sect. 3.4), but
informally this uncertainty of measurement can be de-
fined as the range within which the true value lies,
for the quantity subject to measurement, with a stated
level of probability. If the quantity subject to measure-
ment (the measurand) is defined in terms of the batch
of material (the sampling target), rather than merely
in the sample delivered to the laboratory, then meas-
urement uncertainty includes that arising from primary
sampling. Given that sampling is the first step in the
measurement process, then the uncertainty of the meas-
urement will also arise in this first step, as well as in all
of the other steps, such as the sampling preparation and
the instrumental determination.

The key measure of sampling quality is therefore this
sampling uncertainty, which includes contributions not
just from the random errors often associated with sam-
pling variance [3.1] but also from any systematic errors
that have been introduced by sampling bias. Rather than
assuming the bias is zero when the protocol is correct,
it is more prudent to aim to include any bias in the es-
timate of sampling uncertainty. Such bias may often be
unsuspected, and arise from a marginally incorrect appli-
cation of a nominally correct protocol. This is equivalent
to abandoning the assumption that samples are represen-
tative, but replacing it with a measurement result that has
an associated estimate of uncertainty which includes er-
rors arising from the sampling process.

Selection of the most appropriate sampling proto-
col is still a crucial issue in this alternative approach.
It is possible, however, to select and monitor the ap-
propriateness of a sampling protocol, by knowing the
uncertainty of measurement that it generates. A judge-
ment can then be made on the fitness for purpose (FFP)
of the measurements, and hence the various components
of the measurement process including the sampling, by
comparing the uncertainty against the target value indi-
cated by the FFP criterion. Two such FFP criteria are
discussed below.

Two approaches have been proposed for the esti-
mation of uncertainty from sampling [3.2]. The first or
bottom-up approach requires the identification of all of
the individual components of the uncertainty, the sepa-
rate estimation of the contribution that each component
makes, and then summation across all of the compo-
nents [3.3]. Initial feasibility studies suggest that the use
of sampling theory to predict all of the components will
be impractical for all but a few sampling systems, where
the material is particulate in nature and the system con-
forms to a model in which the particle size/shape and
analyte concentration are simple, constant, and homo-
geneously distributed. One recent application success-
fully mixes theoretical and empirical estimation tech-
niques [3.4]. The second, more practical and pragmatic
approach is entirely empirical, and has been called fop-
down estimation of uncertainty [3.5].

Four methods have been described for the empirical
estimation of uncertainty of measurement, including that
from primary sampling [3.6]. These methods can be ap-
plied to any sampling protocol for the sampling of any
medium for any quantity, if the general principles are
followed. The simplest of these methods (#1) is called
the duplicate method. At its simplest, a small proportion
of the measurements are made in duplicate. This is not
just a duplicate analysis (i. e., determination of the quan-
tity), made on one sample, but made on a fresh primary
sample, from the same sampling target as the original
sample, using a fresh interpretation of the same sampling
protocol (Fig. 3.1a). The ambiguities in the protocol, and
the heterogeneity of the material, are therefore reflected
in the difference between the duplicate measurements
(and samples). Only 10% (n > 8) of the samples need
to be duplicated to give a sufficiently reliable estimate
of the overall uncertainty [3.7]. If the separate sources
of the uncertainty need to be quantified, then extra du-
plication can be inserted into the experimental design,
either in the determination of quantity (Fig.3.1b) or in
other steps, such as the physical preparation of the sam-
ple (Fig. 3.1d). This duplication can either be on just one
sample duplicate (in an unbalanced design, Fig. 3.1b), or
on both of the samples duplicated (in a balanced design,
Fig.3.1c¢).

The uncertainty of the measurement, and its compo-
nents if required, can be estimated using the statistical
technique called analysis of variance (ANOVA). The fre-
quency distribution of measurements, such as analyte
concentration, often deviate from the normal distribution
that is assumed by classical ANOVA. Because of this,
special procedures are required to accommodate outly-
ing values, such as robust ANOVA [3.8]. This method
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Fig.3.1a—d Experimental designs for the estimation of measurement uncertainty by the duplicate method. The simplest
and cheapest option (a) has single analyses on duplicate samples taken on around 10% (n > 8) of the sampling targets, and
only provides an estimate of the random component of the overall measurement uncertainty. If the contribution from the
analytical determination is required separately from that from the sampling, duplication of analysis is required on either
one (b) or both (c) of the sample duplicates. If the contribution from the physical sample preparation is required to be
separated from the sampling, as well as from that from the analysis, then duplicate preparations also have to be made (d).
(*Analysis and Analyze can more generally be described as the determination of the measurand)

has successfully been applied to the estimation of uncer-
tainty for measurements on soils, groundwater, animal
feed, and food materials [3.2]. Its weakness is that it
ignores the contribution of systematic errors (from sam-
pling or analytical determination) to the measurement
uncertainty. Estimates of analytical bias, made with cer-
tified reference materials, can be added to estimates from
this method. Systematic errors caused by a particular
sampling protocol can be detected by use of a different
method (#2) in which different sampling protocols are
applied by a single sampler. Systematic errors caused by
the sampler can also be incorporated into the estimate
of measurement uncertainty by the use of a more elab-
orate method (#3) in which several samplers apply the
same protocol. This is equivalent to holding a collabora-
tive trial in sampling (CTS). The most reliable estimate
of measurement uncertainty caused by sampling uses
the most expensive method (#4), in which several sam-
plers each apply whichever protocol they consider most
appropriate for the stated objective. This incorporates
possible systematic errors from the samplers and the
measurement protocols, together with all of the random
errors. It is in effect a sampling proficiency test (SPT), if
the number of samplers is at least eight [3.6].

Evidence from applications of these four empiri-
cal methods suggests that small-scale heterogeneity is
often the main factor limiting the uncertainty. In this
case, methods that concentrate on repeatability, even
with just one sampler and one protocol as in the dupli-
cate method (#1), are good enough to give an acceptable
approximation of the sampling uncertainty. Proficiency

test measurements have also been used in top-down esti-
mation of uncertainty of analytical measurements [3.9].
They do have the added advantage that the participants
are scored for the proximity of their measurement value
to the true value of the quantity subject to measurement.
This true value can be estimated either by consensus
of the measured values, or by artificial spiking with
a known quantity of analyte [3.10]. The score from such
SPTs could also be used for both ongoing assessment
and accreditation of samplers [3.11]. These are all new
approaches that can be applied to improving the quality
of sampling that is actually achieved.

3.1.2 Judging Whether Strategies
of Measurement and Sampling
Are Appropriate

Once methods are in place for the estimation of un-
certainty, the selection and implementation of a correct
protocol become less crucial. Nevertheless an appropri-
ate protocol is essential to achieve fitness for purpose.
The FFP criterion may however vary, depending on
the circumstances. There are cases for example where
a relative expanded uncertainty of 80% of the meas-
ured value can be shown to be fit for certain purposes.
One example is using in situ measurements of lead con-
centration to identify any area requiring remediation in
a contaminated land investigation. The contrast between
the concentration in the contaminated and in the uncon-
taminated areas can be several orders of magnitude, and
so uncertainty within one order (i.e., 80%) does not
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result in errors in classification of the land. A similar
situation applies when using laser-ablation inductively
coupled plasma for the determination of silver to differ-
entiate between particles of anode copper from widely
different sources. The Ag concentration can differ by
several orders of magnitude, so again a large measure-
ment uncertainty (e.g., 70%) can be acceptable. One
mathematical way of expressing this FFP criterion is
that the measurement uncertainty should not contribute
more than 20% to the total variance over samples from
a set of similar targets [3.8]. A second FFP criterion also
includes financial considerations, and aims to set an op-
timal level of uncertainty that minimizes financial loss.
This loss arises not just from the cost of the sampling
and the determination, but also from the financial losses
that may arise from incorrect decisions caused by the
uncertainty [3.12]. The approach has been successfully
applied to the sampling of both contaminated soil [3.13]
and food materials [3.14].

3.1.3 Options for the Design of Sampling

There are three basic approaches to the design/selection
of a sampling protocol for any quantity (measurand)
in any material. The first option is to select a previ-
ously specified protocol. These exist for most of the
material/quantity combinations considered in Chap. 4
of this handbook. This approach is favored by regula-
tors, who expect that the specification and application
of a standard protocol will automatically deliver com-
parability of results between samplers. It is also used as
a defense in legal cases to support the contention that
measurements will be reliable if a standard protocol has
been applied. The rationale of a standard protocol is
to specify the procedure to the point where the sam-
pler needs to make no subjective judgements. In this
case the sampler would appear not to require any grasp
of the rationale behind the design of the protocol, but
merely the ability to implement the instructions given.
However, experimental video monitoring of samplers
implementing specified protocols suggests that individ-
ual samplers often do extemporize, especially when
events occur that were unforeseen or unconsidered by
the writers of the protocols. This would suggest that
samplers therefore need to appreciate the rationale be-
hind the design, in order to make appropriate decisions
on implementing the protocol. This relates to the gen-
eral requirement for improved training and motivation
of samplers discussed below.

The second option is to use a theoretical model
to design the required sampling protocol. Sampling

theory has produced a series of increasingly complex
theoretical models, recently reviewed [3.15], that are
usually aimed at predicting the sampling mass required
to produce a given level of variance in the required
measurement result. All such models depend on several
assumptions about the system that is being modeled.
The model of Gy [3.1], for example, assumes that the
material is particulate, that the particles in the batch can
be classified according to volume and type of mater-
ial, and that the analyte concentration in a contaminated
particle and its density do not vary between particles.
It was also assumed that the volume of each particle
in the batch is given by a constant factor multiplied by
the cube of the particle diameter. The models also all
require large amounts of information about the system,
such as particle diameters, shape factors, size range, lib-
eration, and composition. The cost of obtaining all of
this information can be very high, but the model also
assumes that these parameters will not vary in space or
time. These assumptions may not be justified for many
systems in which the material to be sampled is highly
complex, heterogeneous, and variable. This limits the
real applicability of this approach for many materials.
These models do have a more generally useful role,
however, in facilitating the prediction of how uncer-
tainty from sampling can be changed, if required, as
discussed below.

The third option for designing a sampling protocol
is to adapt an existing method in the light of site-specific
information, and monitor its effectiveness empirically.
There are several factors that require consideration in
this adaptation.

Clearly identifying the objective of the sampling is
the key factor that helps in the design of the most ap-
propriate sampling protocol. For example, it may be
that the acceptance of a material is based upon the
best estimate of the mean concentration of some ana-
Iyte in a batch. Alternatively, it may be the maximum
concentration, within some specified mass, that is the
basis for acceptance or rejection. Protocols that aim at
low uncertainty in estimation of the mean value are of-
ten inappropriate for reliable detection of the maximum
value.

A desk-based review of all of the relevant informa-
tion about the sampling target, and findings from similar
targets, can make the protocol design much more cost
effective. For example, the history of a contaminated
land site can suggest the most likely contaminants and
their probable spatial distribution within the site. This
information can justify using judgemental sampling in
which the highest sampling density is concentrated in
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the area of highest predicted probability. This approach
does however, have the weakness that it may be self-
fulfilling, by missing contamination in areas that were
unsuspected.

The actual mode of sampling varies greatly there-
fore, depending not just on the physical nature of the
materials, but also on the expected heterogeneity in both
the spatial and temporal dimension. Some protocols are
designed to be random (or nonjudgemental) in their se-
lection of samples, which in theory creates the least bias
in the characterization of the measurand. There are vari-
ous different options for the design of random sampling,
such as stratified random sampling, where the target is
subdivided into regular units before the exact location
of the sampling is determined using randomly selected
coordinates. In a situation where judgemental sampling
is employed, as described above, the objective is not to
get a representative picture of the sampling target. An-
other example would be in an investigation of the cause
of defects in a metallurgical process, where it may be
better to select items within a batch by their aberrant
visual appearance, or contaminant concentration, rather
than at random.

There may also be a question of the most appropri-
ate medium to sample. The answer may seem obvious,
but consider the objective of detecting which of sev-
eral freight containers holds nuts that are contaminated
with mycotoxins. Rather than sampling the nuts them-
selves, it may be much more cost effective to sample
the atmosphere in each container for the spores released
by the fungi that make the mycotoxin. Similarly in
contaminated land investigation, if the objective is to
assess potential exposure of humans to cadmium at an
allotment site, it may be most effective to sample the
vegetables that take up the cadmium rather than the soil.

The specification of the sampling target needs to
be clear. Is it a whole batch, or a whole site of soil,
or just the top 1 m of the soil? This relates to the ob-
jective of the sampling, but also to the site-specific
information (e.g., there is bedrock at 0.5 m) and logisti-
cal constraints.

The next key question to address is the number of
samples required (n). This may be specified in an ac-
cepted sampling protocol, but should really depend on
the objective of the investigation. Cost—benefit analysis
can be applied to this question, especially if the objec-
tive is the mean concentration at a specified confidence
interval. In that case, and assuming a normal distribu-
tion of the variable, the Student ¢-distribution can be
used to calculate the required value of n. A closely re-
lated question is whether composite samples should be

taken, and if so, what is the required number of in-
crements (i). This approach can be used to reduce the
uncertainty of measurement caused by the sampling.
According to the theory of Gy, taking an i-fold com-
posite sample should reduce the main source of the
uncertainty by i, compared with the uncertainty for
a single sample with the same mass as one of the incre-
ments. Not only do the increments increase the sample
mass, but they also improve the sample’s ability to rep-
resent the sampling target. If, however, the objective
is to identify maximum rather than mean values, then
a different approach is needed for calculating the num-
ber of samples required. This has been addressed for
contaminated land by calculating the probability of hit-
ting an idealized hot-spot [3.16].

The quantity of sample to be taken (e.g., mass or
volume) is another closely related consideration in the
design of a specified protocol. The mass may be spec-
ified by existing practise and regulation, or calculated
from sampling theory such as that of Gy. Although the
calculation of the mass from first principles is problem-
atic for many types of sample, as already discussed, the
theory is useful in calculating the factor by which to
change the sample mass to achieve a specified target for
uncertainty. If the mass of the sample is increased by
some factor, then the sampling variance should reduce
by the same factor, as discussed above for increments.
The mass required for measurement is often smaller
than that required to give an acceptable degree of rep-
resentativeness (and uncertainty). In this case, a larger
sample must be taken initially and then reduced in mass,
without introducing bias. This comminution of samples,
or reduction in grain size by grinding, is a common
method for reducing the uncertainty introduced by this
subsampling procedure. This can, however, have un-
wanted side-effects in changing the measurand. One
example is the loss of certain analytes during the
grinding, either by volatilization (e.g., mercury) or by
decomposition (e.g., most organic compounds).

The size of the particles in the original sam-
pling target that should constitute the sample needs
consideration. Traditional wisdom may suggest that
a representative sample of the whole sampling target
is required. However, sampling all particle sizes in the
same proportions that they occur in the sampling target
may not be possible. This could be due to limitations in
the sampling equipment, which may exclude the largest
particles (e.g., pebbles in soil samples). A representa-
tive sample may not even be desirable, as in the case
where only the small particles in soil (< 100 um) form
the main route of human exposure to lead by hand-to-
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mouth activity. The objectives of the investigation may
require therefore that a specific size fraction be selected.

Contamination of samples is probable during many
of these techniques of sampling processing. It is often
easily done, irreversible in its effect, and hard to de-
tect. It may arise from other materials at the sampling
site (e.g., topsoil contaminating subsoil) or from pro-
cessing equipment (e.g., cadmium plating) or from the
remains of previous samples left in the equipment. The
traditional approach is to minimize the risk of contam-
ination occurring by careful drafting of the protocol,
but a more rigorous approach is to include additional
procedures that can detect any contamination that has
occurred (e.g., using an SPT).

Once a sample has been taken, the protocol needs to
describe how to preserve the sample, without changing
the quantity subject to measurement. For some measur-
ands the quantity begins to change almost immediately
after sampling (e.g., the redox potential of groundwa-
ter), and in situ measurement is the most reliable way
of avoiding the change. For other measurands specific
actions are required to prevent change. For example,
acidification of water, after filtration, can prevent ad-
sorption of many analyte ions onto the surfaces of
a sample container.

The final, and perhaps most important factor to con-
sider in designing a sampling protocol is the logistical

3.2 Traceability of Measurements
3.2.1 Introduction

Clients of laboratories will expect that results are
correct and comparable. It is further anticipated that
complete results and values produced include an es-
timated uncertainty. A comparison between different
results or between results achieved and given specifi-
cations can only be done correctly if the measurement
uncertainty of the results is taken into account.

To achieve comparable results, the traceability of
the measurement results to SI units through an unbroken
chain of comparisons, all having stated uncertainties, is
fundamental (Sect.2.6 Traceability of Measurements).
Among others, due to the strong request from the Inter-
national Laboratory Accreditation Cooperation (ILAC)
several years ago, the International Committee for
Weights and Measures (CIPM), which is the gov-
erning board of the International Bureau of Weights
and Measures (BIPM), has realized under the scope

organization of the samples within the investigation.
Attention to detail in the unique numbering and clear
description of samples can avoid ambiguity and ir-
reversible errors. This improves the quality of the
investigation by reducing the risk of gross errors.
Moreover, it is often essential for legal traceability to
establish an unbroken chain of custody for every sam-
ple. This forms part of the broader quality assurance of
the sampling procedure.

There is no such thing as either a perfect sam-
ple or a perfect measurement. It is better, therefore,
to estimate the uncertainty of measurements from all
sources, including the primary sampling. The uncer-
tainty should not just be estimated in an initial method
validation, but also monitored routinely for every batch
using a sampling and analytical quality control scheme
(SAQCS). This allows the investigator to judge whether
each batch of measurements are FFP, rather than to
assume that they are because some standard proce-
dure was nominally adhered to. It also enables the
investigator to propagate the uncertainty value through
all subsequent calculations to allow the uncertainty
on the interpretation of the measurements to be ex-
pressed. This approach allows for the imperfections in
the measurement methods and the humans who imple-
ment them, and also for the heterogeneity of the real
world.

of the Metre Convention the CIPM mutual recogni-
tion arrangement (MRA) on the mutual recognition
of national measurement standards and of calibration
and measurement certificates issued by the national
metrology institutes, under the scope of the Metre Con-
vention. Details of this MRA can be found in Chap. 2
Metrology Principles and Organization Sect.2.7 or at
http://www1.bipm.org/en/convention/mra/.

The range of national measurement standards and
best measurement capabilities needed to support the
calibration and testing infrastructure in an economy
or region can normally be derived from the websites
of the respective national metrology institute or from
the website of the BIPM. Traceability to these national
measurement standards through an unbroken chain of
comparisons is an important means to achieve accuracy
and comparability of measurement results.

Access to suitable national measurement standards
may be more complicated in those economies where
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the national measurement institute does not yet pro-
vide national measurement standards recognized under
the BIPM MRA. It is further to be noted that an un-
broken chain of comparisons to national standards in
various fields such as the chemical and biological sci-
ences is much more complex and often not available,
as appropriate standards are lacking. The establishment
of standards in these fields is still the subject of intense
scientific and technical activities, and reference proce-
dures and (certified) reference materials needed must
still be defined. As of today, in these fields there are few
reference materials that can be traced back to SI units
available on the market. This means that other tools
should also be applied to assure at least comparability of
measurement results, such as, e.g., participation in suit-
able proficiency testing programs or the use of reference
materials provided by reliable and competent reference
material producers.

3.2.2 Terminology

According to the International Vocabulary of Metrology
— Basic and General Concepts and Associated Terms
(VIM 2008) [3.17], the following definitions apply.

Primary Measurement Standard
Measurement standard established using a primary ref-
erence measurement procedure, or created as an artifact,
chosen by convention.

International Measurement Standard
Measurement standard recognized by signatories to an
international agreement and intended to serve world-
wide.

National Measurement Standard,

National Standard
Measurement standard recognized by national authority
to serve in a state or economy as the basis for assigning
quantity values to other measurement standards for the
kind of quantity concerned.

Reference Measurement Standard,

Reference Standard
Measurement standard designated for the calibration of
other measurement standards for quantities of a given
kind in a given organization or at a given location.

Working Standard
Measurement standard that is used routinely to calibrate
or verify measuring instruments or measuring systems.

Note that a working standard is usually calibrated
against a reference standard. Working standards may
also at the same time be reference standards. This is
particularly the case for working standards directly cal-
ibrated against the standards of a national standards
laboratory.

3.2.3 Traceability of Measurement Results
to Sl Units

The formal definition of traceability is given in Chap. 2,
Sect. 2.6 as: the property of a measurement result relat-
ing the result to a stated metrological reference through
an unbroken chain of calibrations or comparisons, each
contributing to the stated uncertainty. This chain is also
called the traceability chain. It must, as defined, end at
the respective primary standard.

The uncertainty of measurement for each step in the
traceability chain must be calculated or estimated ac-
cording to agreed methods and must be stated so that
an overall uncertainty for the whole chain may be cal-
culated or estimated. The calculation of uncertainty is
officially given in the Guide to the Expression of Un-
certainty in Measurement (GUM) [3.18]. The ILAC and
regional organizations of accreditation bodies (see un-
der peer and third-party assessment) provide application
documents derived from the GUM, providing instruc-
tive examples. These documents are available on their
websites.

Competent testing laboratories, e.g., those accred-
ited by accreditation bodies that are members of the
ILAC MRA, can demonstrate that calibration of equip-
ment that makes a significant contribution to the uncer-
tainty and hence the measurement results generated by
that equipment are traceable to the international system
of units (SI units) wherever this is technically possible.

In cases where traceability to the SI units is not (yet)
possible, laboratories use other means to assure at least
comparability of their results. Such means are, e.g., the
use of certified reference materials, provided by a re-
liable and competent producer, or they assure at least
comparability by participating in interlaboratory com-
parisons provided by a competent and reliable provider.
See also Sects. 3.6 and 3.7 on Interlaboratory Compar-
isons and Proficiency Testing and Reference Materials,
respectively.

The Traceability Chain
National Metrology Institutes. In most cases the na-
tional metrology institutes maintain the national stan-
dards that are the sources of traceability for the quantity
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of interest. The national metrology institutes ensure the
comparability of these standards through an interna-
tional system of key comparisons, as explained in detail
in Chap. 2, Sect. 2.7.

If a national metrology institute has an infrastruc-
ture to realize a given primary standard itself, this na-
tional standard is identical to or directly traceable to that
primary standard. If the institute does not have such
an infrastructure, it will ensure that its national stan-
dard is traceable to a primary standard maintained in
another country’s institute. Under http://kcdb.bipm.org/
AppendixC/default.asp, the calibration and measure-
ment capabilities (CMCs) declared by national metrol-
ogy institutes are shown.

Calibration Laboratories. For calibration laboratories
accredited according to the ISO/International Electro-
technical Commission (IEC) standard ISO/IEC 17025,
accreditation is granted for specified calibrations with
a defined calibration capability that can (but not nec-
essarily must) be achieved with a specified measuring
instrument, reference or working standard.

The calibration capability is defined as the small-
est uncertainty of measurement that a laboratory can
achieve within its scope of accreditation, when perform-
ing more or less routine calibrations of nearly ideal
measurement standards intended to realize, conserve or
reproduce a unit of that quantity or one or more of its
values, or when performing more or less routine calibra-
tions of nearly ideal measuring instruments designed for
the measurement of that quantity.

Most of the accredited laboratories provide calibra-
tions for customers (e.g., for organizations that do not
have their own calibration facilities with a suitable meas-
urement capability or for testing laboratories) on request.
If the service of such an accredited calibration labora-
tory is taken into account, it must be assured that its
scope of accreditation fits the needs of the customer.
Accreditation bodies are obliged to provide a list of
accredited laboratories with a detailed technical descrip-
tion of their scope of accreditation. http://www.ilac.org/
provides a list of the accreditation bodies which are
members of the [ILAC MRA.

If a customer is using a nonaccredited calibration
laboratory or if the scope of accreditation of a particular
calibration laboratory does not fully cover a specific cal-
ibration required, the customer of that laboratory must
ensure that

® the tractability chain as described above is main-
tained correctly,

® there is a concept to estimate the overall measure-
ment uncertainty in place and applied correctly,

® the staff is thoroughly trained to perform the activi-
ties within their responsibilities,

® clear and valid procedures are available to perform
the required calibrations,

® asystem to deal with errors is applied, and the cali-
bration operations include statistical process control
such as, e.g., the use of control charts.

In-House Calibration Laboratories (Factory Calibra-
tion Laboratories). Frequently, calibration services are
provided by in-house calibration laboratories which reg-
ularly calibrate the measuring and test equipment used
in a company, e.g., in a production facility, against
its reference standards that are traceable to an ac-
credited calibration laboratory or a national metrology
institute.

Anin-house calibration system normally assures that
all measuring and test equipment used within a company
is calibrated regularly against working standards, cali-
brated by an accredited calibration laboratory. In-house
calibrations must fit into the internal applications in such
a way that the results obtained with the measuring and
test equipment are accurate and reliable. This means that
for in-house calibration the following elements should
be considered as well.

® The uncertainty contribution of the in-house cali-
bration should be known and taken into account if
statements of compliance, e.g., internal criteria for
measuring instruments, are made.

® The staff should be trained to perform the calibra-
tions required correctly.

® C(lear and valid procedures should be available also
for in-house calibrations.

® A system to deal with errors should be applied (e.g.,
in the frame of an overall quality management sys-
tem), and the calibration operations should include
a statistical process control (e.g., the use of control
charts).

To assure correct operation of the measuring and test
equipment, a concept for the maintenance of that equip-
ment should be in place. Aspects to be considered when
establishing calibration intervals are given in Sect. 3.5.

The Hierarchy of Standards. The hierarchy of standards
and a resulting metrological organizational structure for
tracing measurement and test results within a company
to national standards are shown in Fig. 3.2.
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Fig. 3.2 The calibration hierarchy

Equipment used by testing and calibration labora-
tories that has a significant effect on the reliability and
uncertainty of measurement should be calibrated us-
ing standards connected to the national standards with
a known uncertainty.

Alternative Solutions
Accreditation bodies which are members of the ILAC
MRA require accredited laboratories to ensure traceabil-
ity of their calibration and test results. Accredited lab-
oratories also know the contribution of the uncertainty
derived through the traceability chain to their calibration
and test results.

Where such traceability is not (yet) possible, lab-
oratories should at least assure comparability of their
results by alternative methods. This can be done either
through the use of appropriate reference materials (RM)
or by participating regularly in appropriate proficiency
tests (PT) or interlaboratory comparisons. Appropri-
ate means that the RM producers or the PT providers
are competent or at least recognized in the respective
sector.

3.2.4 Calibration of Measuring
and Testing Devices

The VIM 2008 gives the following definition for cali-
bration:

Definition
Operation that, under specified conditions, in a first step,
establishes a relation between the quantity values with
measurement uncertainties provided by measurement
standards and corresponding indications with associ-
ated measurement uncertainties and, in a second step,
uses this information to establish a relation for obtaining
a measurement result from an indication.

The operation of calibration and its two steps is de-
scribed in Sect. 3.4.2 with an example from dimensional
metrology (Fig. 3.10).

It is common and important that testing labo-
ratories regularly maintain and control their testing
instruments, measuring systems, and reference and
working standards. Laboratories working according to
the ISO/IEC 17025 standard as well as manufactur-
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ers working according to, e.g., the ISO 9001 series of
standards maintain and calibrate their measuring instru-
ments, and reference and working standards regularly
according to well-defined procedures.

Clause 5.5.2 of the ISO/IEC 17025 standard re-
quires that:

Calibration programmes shall be established for key
quantities or values of the instruments where these
properties have a significant effect on the results.

Whenever practicable, all equipment under the con-
trol of the laboratory and requiring calibration shall
be labeled, coded, or otherwise identified to indicate
the status of calibration, including the data when
last calibrated and the date or expiration criteria
when recalibration is due. (Clause 5.5.8)

Clause 7.6 of ISO 9001:2000 requires that:

Where necessary to ensure valid results, measuring
equipment shall be calibrated or verified at speci-
fied intervals, or prior to use, against measurement
standards traceable to international or national
measurement standards.

In the frame of the calibration programs of their
measuring instruments, and reference and working stan-
dards, laboratories will have to define the time that
should be permitted between successive calibrations
(recalibrations) of the used measurement instruments,
and reference or working standards in order to

® confirm that there has not been any deviation of
the measuring instrument that could introduce doubt
about the results delivered in the elapsed period,

® assure that the difference between a reference value
and the value obtained using a measuring instrument
is within acceptable limits, also taking into account
the uncertainties of both values,

® assure that the uncertainty that can be achieved with
the measuring instrument is within expected limits.

A large number of factors can influence the time interval
to be defined between calibrations and should be taken
into account by the laboratory. The most important fac-
tors are usually

® the information provided by the manufacturer,
® the frequency of use and the conditions under which
the instrument is used,

® the risk of the measuring instrument drifting out of
the accepted tolerance,

® consequences which may arise from inaccurate
measurements (e.g., failure costs in the production
line or aspects of legal liability),

® the cost of necessary corrective actions in case of
drifting away from the accepted tolerances,

® environmental conditions such as, e.g., climatic con-
ditions, vibration, ionizing radiation, etc.,

e trend data obtained, e.g., from previous calibration
records or the use of control charts,

® recorded history of maintenance and servicing,

® uncertainty of measurement required or declared by
the laboratory.

These examples show the importance of establishing
a concept for the maintenance of the testing instruments
and measuring systems. In the frame of such a con-
cept the definition of the calibration intervals is one
important aspect to consider. To optimize the calibra-
tion intervals, available statistical results, e.g., from the
use of control charts, from participation in interlabora-
tory comparisons or from reviewing own records should
be used.

3.2.5 The Increasing Importance
of Metrological Traceability

An increasing awareness of the need for metrological
underpinning of measurements can be noticed at least
in the past years. Several factors may be the reason for
this process, including

® the importance of quality management systems,

® requirements by governments or trading partners for
producers to establish certified quality management
systems and for calibration and testing activities to
be accredited,

® aspects of legal reliability.

In a lot of areas it is highly important that measurement
results, e.g., produced by testing laboratories, can be
compared with other results produced by other parties
at another time and quite often using different methods.
This can only be achieved if measurements are based
on equivalent physical realizations of units. Traceability
of results and reference values to primary standards is
a fundamental issue in competent laboratory operation
today.
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3.3 Statistical Evaluation of Results

Statistics are used for a variety of purposes in meas-
urement science, including mathematical modeling and
prediction for calibration and method development,
method validation, uncertainty estimation, quality con-
trol and assurance, and summarizing and presenting
results. This section provides an introduction to the
main statistical techniques applied in measurement sci-
ence. A knowledge of the basic descriptive statistics
(mean, median, standard deviation, variance, quantiles)
is assumed.

3.3.1 Fundamental Concepts

Measurement Theory and Statistics
The traditional application of statistics to quantitative
measurement follows a set of basic assumptions related
to ordinary statistics

1. That a given measurand has a value — the value of
the measurand — which is unknown and (in general)
unknowable by the measurement scientist. This is
generally assumed (for univariate quantitative meas-
urements) to be a single value for the purpose of
statistical treatment. In statistical standards, this is
the true value.

2. That each measurement provides an estimate of the
value of the measurand, formed from an observation
or set of observations.

3. That an observation is the sum of the measurand
value and an error.

Assumption 3 can be expressed as one of the sim-
plest statistical models

Xi=ptei,

in which x; is the i-th observation, u is the measurand
value, and e; is the error in the particular observation.
The error itself is usually considered to be a sum
of several contributions from different sources or with
different behavior. The most common partition of er-
ror is into two parts: one which is constant for the
duration of a set of experiments (the systematic er-
ror) and another, the random error, which is assumed
to arise by random selection from some distribution.
Other partitioning is possible; for example, collabora-
tive study uses a statistical model based on a systematic
contribution (method bias), a term which is constant
for a particular laboratory (the laboratory component of
bias) but randomly distributed among laboratories, and
a residual error for each observation. Linear calibration

assumes that observations are the sum of a term that
varies linearly and systematically with measurand value
and a random term; least-squares regression is one way
of characterizing the behavior of the systematic part of
this model.

The importance of this approach is that, while the
value of the measurand may be unknown, studying the
distribution of the observations allows inferences to be
drawn about the probable value of the measurand. Sta-
tistical theory describes and interrelates the behaviors
of different distributions, and this provides quantitative
tools for describing the probability of particular obser-
vations given certain assumptions. Inferences can be
drawn about the value of the measurand by asking what
range of measurand values could reasonably lead to the
observations found. This provides a range of values that
can reasonably be attributed to the measurand. Informed
readers will note that this is the phrase used in the defini-
tion of uncertainty of measurement, which is discussed
further below.

This philosophy forms the basis of many of the rou-
tine statistical methods applied in measurement, is well
established with strong theoretical foundations, and has
stood the test of time well. This chapter will accordingly
rely heavily on the relevant concepts. It is, however,
important to be aware that it has limitations. The ba-
sic assumption of a point value for the measurand may
be inappropriate for some situations. The approach does
not deal well with the accumulation of information from
a variety of different sources. Perhaps most importantly,
real-world data rarely follow theoretical distributions
very closely, and it can be misleading to take inference
too far, and particularly to infer very small probabilities
or very high levels of confidence. Furthermore, other
theoretical viewpoints can be taken and can provide dif-
ferent insights into, for example, the development of
confidence in a value as data from different experiments
are accumulated, and the treatment of estimates based
on judgement instead of experiment.

Distributions
Figure 3.3 shows a typical measurement data set from
a method validation exercise. The tabulated data shows
a range of values. Plotting the data in histogram form
shows that observations tend to cluster near the center
of the data set. The histogram is one possible graphical
representation of the distribution of the data.

If the experiment is repeated, a visibly different
data distribution is usually observed. However, as the
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number of observations in an experiment increases, the
distribution becomes more consistent from experiment
to experiment, tending towards some underlying form.
This underlying form is sometimes called the parent
distribution. In Fig. 3.3, the smooth curve is a plot of
a possible parent distribution, in this case, a normal dis-
tribution with a mean and standard deviation estimated
from the data.

There are several important features of the parent
distribution shown in Fig.3.3. First, it can be repre-
sented by a mathematical equation — a distribution
function — with a relatively small number of param-
eters. For the normal distribution, the parameters are
the mean and population standard deviation. Knowing
that the parent distribution is normal, it is possible to
summarize a large number of observations simply by
giving the mean and standard deviation. This allows
large sets of observations to be summarized in terms of
the distribution type and the relevant parameters. Sec-
ond, the distribution can be used predictively to make
statements about the likelihood of further observations;
in Fig. 3.3, for example, the curve indicates that obser-
vations in the region of 2750—2760 mg kg~! will occur
only rarely. The distribution is accordingly important in
both describing data and in drawing inferences from the
data.

Distributions of Measurement Data. Measurement
data can often be expected to follow a normal distri-

bution, and in considering statistical tests for ordinary

Table 3.1 Common distributions in measurement data

Distribution  Density function Mean

Normal 1 (x — p)? I o
e ()

Lognormal 1 (In(x) — p)? o2
e (M) ()

Poisson AT A A

Binomial (Z) e np

Contaminated Various

normal

2

Frequency Cholesterol
3 (mg/kg)
2714.1
= N 2663.1
2677.8
2 2695.5
2687.4
L5 2725.3
2695.3
1 2701.2
2696.5
05 \ 2685.9
2684.2
0
2640 2660 2680 2700 2720 2740 2760

Cholesterol (mg/kg)

Fig. 3.3 Typical measurement data. Data from 11 replicate analyses
of a certified reference material with a certified value of 2747490
mg/kg cholesterol. The curve is a normal distribution with mean
and standard deviation calculated from the data, with vertical scal-

ing adjusted for comparability with the histogram

cases, this will be the assumed distribution. However,
some other distributions are important in particular cir-
cumstances. Table 3.1 lists some common distributions,
whose general shape is shown in Fig.3.4. The most
important features of each are

® The normal distribution is described by two inde-

pendent parameters: the mean and standard devia-
tion. The mean can take any value, and the standard

Expected variance

np(l—p)

exp (Zu 4 02) [exp(az) = 1]

Remarks

Arises naturally from the summation of many
small random errors from any distribution

Arises naturally from the product of many
terms with random errors. Approximates to
normal for small standard deviation

Distribution of events occuring in an interval;
important for radiation counting. Approxi-
mates to normality for large A

Distribution of x, the number of successes in n
trials with probability of success p. Common
in counting at low to moderate levels, such
as microbial counts; also relevant in situations
dominated by particulate sampling

Contaminated normal is the most common
assumption given the presence of a small pro-
portion of aberrant results. The correct data
follow a normal distribution; aberrant results
follow a different, usually much broader, dis-
tribution
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Fig.3.4a—d Measurement data distributions. Figure 3.4 shows the probability density function for each distribution, not
the probability; the area under each curve, or sum of discrete values, is equal to 1. Unlike probability, the probability
density at a point x can be higher than 1. (a) The standard normal distribution (mean = 0, standard deviation = 1.0).
(b) Lognormal distributions; mean on log scale: 0, standard deviation on log scale = a: 0.1, b: 0.25, c: 0.5. (c) Poisson
distribution: lambda = 10. (d) Binomial distribution: 100 trials, p(success) = 0.1. Note that this provides the same mean

as (c)

deviation any nonnegative value. The distribution is
symmetric about the mean, and although the density
falls off sharply, it is actually infinite in extent. The
normal distribution arises naturally from the addi-
tive combination of many effects, even, according to
the central limit theorem, when those effects do not
themselves arise from a normal distribution. (This
has an important consequence for means; errors in
the mean of even three or four observations can of-
ten be taken to be normally distributed even where
the parent distribution is not.) Furthermore, since
small effects generally behave approximately addi-
tively, a very wide range of measurement systems
show approximately normally distributed error.

The lognormal distribution is closely related to the
normal distribution; the logarithms of values from

a lognormal distribution are normally distributed. It
most commonly arises when errors combine mul-
tiplicatively, instead of additively. The lognormal
distribution itself is generally asymmetric, with pos-
itive skew. However, as shown in the figure, the
shape depends on the ratio of standard deviation to
mean, and approaches that of a normal distribution
as the standard deviation becomes small compared
with the mean. The simplest method of handling
lognormally distributed data is to take logarithms
and treat the logged data as arising from a nor-
mal distribution. As the standard deviation becomes
small relative to the mean, the lognormal distribu-
tion tends towards the normal distribution.

The Poisson and binomial distributions describe
counts, and accordingly are discrete distributions;



Quality in Measurement and Testing

3.3 Statistical Evaluation of Results

they have nonzero density only for integer values
of the variable. The Poisson distribution is applica-
ble to cases such as radiation counting; the binomial
distribution is most appropriate for systems domi-
nated by sampling, such as the number of defective
parts in a batch, the number of microbes in a fixed
volume or the number of contaminated particles in
a sample from an inhomogeneous mixture. In the
limit of large counts, the binomial distribution tends
to the normal distribution; for small probability, it
tends to the Poisson distribution. Similarly, the Pois-
son distribution tends towards normality for small
probability and large counts. Thus, the Poisson dis-
tribution is often a convenient approximation to the
binomial, and as counts increase, the normal distri-
bution can be used to approximate either.

Distributions Derived from the Normal Distribution.
Before leaving the topic of distributions, it is impor-
tant to be aware that other distributions are important in
analyzing measurement data with normally distributed
error. The most important for this discussion are

® the 7-distribution, which describes the distribution
of the means of small samples taken from a nor-
mal distribution. The 7-distribution is routinely used
for checking a method for significant bias or for
comparing observations with limits,

® the chi-squared distribution, which describes in-
ter alia the distribution of estimates of variance.
Specifically, the variable (n — 1)s?/o* has a chi-
squared distribution with v=n—1 degrees of
freedom. The chi-squared distribution is asymmet-
ric with mean v and variance 2v,

® the F-distribution, which describes the distribution
of ratios of variances. This is important in com-
paring the spread of two different data sets, and is
extensively used in analysis of variance as well as
being useful for comparing the precision of alterna-
tive methods of measurement.

Probability and Significance
Given a particular distribution, it is possible to make
predictions of the probability that observations will fall
within a particular range. For example, in a normal dis-
tribution, the fraction of observations falling, by chance,
within two standard deviations of the mean value is
very close to 95%. This equates to the probability of
an observation occurring in that interval. Similarly, the
probability of an observation falling more than 1.65
standard deviations above the mean value is close to 5%.

These proportions can be calculated directly from the
area under the curves shown in Fig. 3.4, and are avail-
able in tabular form, from statistical software and from
most ordinary spreadsheet software.

Knowledge of the probability of a particular obser-
vation allows some statement about the significance of
an observation. Observations with high probability of
chance occurrence are not regarded as particularly sig-
nificant; conversely, observations with a low probability
of occurring by chance are taken as significant. Notice
that an observation can only be allocated a probability
if there is some assumption or hypothesis about the true
state of affairs. For example, if it is asserted that the con-
centration of a contaminant is below some regulatory
limit, it is meaningful to consider how likely a partic-
ular observation would be given this hypothesis. In the
absence of any hypothesis, no observation is more likely
than any other. This process of forming a hypothesis and
then assessing the probability of a particular observation
given the hypothesis is the basis of significance testing,
and will be discussed in detail below.

3.3.2 Calculations and Software

Statistical treatment of data generally involves calcula-
tions, and often repetitive calculation. Frequently, too,
best practise involves methods that are simply not prac-
tical manually, or require numerical solutions. Suitable
software is therefore essential. Purpose-designed soft-
ware for statistics and experimental design is widely
available, including some free and open-source pack-
ages whose reliability challenges the best commercial
software. Some such packages are listed in Sect.3.12
at the end of this chapter. Many of the tests and
graphical methods described in this short introduc-
tion are also routinely available in general-purpose
spreadsheet packages. Given the wide availability of
software and the practical difficulties of implement-
ing accurate numerical software, calculations will not
generally be described in detail. Readers should con-
sult existing texts or software for further details if
required.

However, it remains important that the software
used is reliable. This is particularly true of some of
the most popular business spreadsheet packages, which
have proven notoriously inaccurate or unstable on even
moderately ill-conditioned data sets. Any mathemati-
cal software used in a measurement laboratory should
therefore be checked using typical measurement data
to ensure that the numerical accuracy is sufficient. It
may additionally be useful to test software using more
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extreme test sets; some such sets are freely available
(Sect.3.12).

3.3.3 Statistical Methods

Graphical Methods
Graphical methods refer to the range of graphs or plots
that are used to present and assess data visually. Some
have already been presented; the histogram in Fig. 3.3 is
an example. Graphical methods are easy to implement
with a variety of software and allow a measurement
scientist to identify anomalies, such as outlying data
points or groups, departures from assumed distributions
or models, and unexpected trends, quickly and with
minimal calculation. A complete discussion of graph-
ical methods is beyond the scope of this chapter, but
some of the most useful, with typical applications, are
presented below. Their use is strongly recommended in
routine data analysis.

Figure 3.5 illustrates some basic plots appropriate
for reviewing simple one-dimensional data sets. Dot

plots and strip charts are useful for reviewing small
data sets. Both give a good indication of possible out-
liers and unusual clustering. Overinterpretation should
be avoided; it is useful to gain experience by reviewing
plots from random normal samples, which will quickly
indicate the typical extent of apparent anomalies in
small samples. Strip charts are simpler to generate (plot
the data as the x variable with a constant value of y),
but overlap can obscure clustering for even modest
sets. The stacked dot plot, if available, is applicable to
larger sets. Histograms become more appropriate as the
number of data points increases. Box plots, or box-and-
whisker plots (named for the lines extending from the
rectangular box) are useful for summarizing the general
shape and extent of data, and are particularly useful for
grouped data. For example, the range of data from repli-
cate measurements on several different test items can
be reviewed very easily using a box plot. Box plots can
represent several descriptive statistics, including, for ex-
ample, a mean and confidence interval. However, they
are most commonly based on quantiles. Traditionally,
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the box extends from the first to the third quartile (that
is, it contains the central 50% of the data points). The
median is marked as a dividing line or other marker in-
side the box. The whiskers traditionally extend to the
most distant data point within 1.5 times the interquartile
range of the ends of the box. For a normal distribution,
this would correspond to approximately the mean £2.7
standard deviations. Since this is just beyond the 99%
confidence interval, more extreme points are likely to
be outliers, and are therefore generally shown as indi-
vidual points on the plot. Finally, a normal probability
plot shows the distribution of the data plotted against the
expected distribution assuming normality. In a normally
distributed data set, points fall close to the diagonal line.
Substantial deviations, particularly at either end of the
plot, indicate nonnormality.

The most common graphical method for two-
dimensional measurement data (such as measurand
level/instrument response pairs) is a scatter plot, in
which points are plotted on a two-dimensional space
with dimensions corresponding to the dimensions of the
data set. Scatter plots are most useful in reviewing data
for linear regression, and the topic will accordingly be
returned to below.

Planning of Experiments
Most measurements represent straightforward applica-
tion of a measuring device or method to a test item.
However, many experiments are intended to test for
the presence or absence of some specific treatment ef-
fect — such as the effect of changing a measurement
method or adjusting a manufacturing method. For ex-
ample, one might wish to assess whether a reduction in
preconditioning time had an effect on measurement re-
sults. In these cases, it is important that the experiment
measures the intended effect, and not some external nui-
sance effect. For example, measurement systems often
show significant changes from day to day or operator
to operator. To continue the preconditioning example,
if test items for short preconditioning were obtained by
one operator and for long preconditioning by a differ-
ent operator, operator effects might be misinterpreted
as a significant conditioning effect. Ensuring that nui-
sance parameters do not interfere with the result of an
experiment is one of the aims of good experimental
design.

A second, but often equally important aim is to min-
imize the cost of an experiment. For example, a naive
experiment to investigate six possible effects might in-
vestigate each individually, using, say, three replicate
measurements at each level for each effect: a total of

36 measurements. Careful experimental designs which
vary all parameters simultaneously can, using the right
statistical methods, reduce this to 16 or even 8 measure-
ments and still achieve acceptable power.

Experimental design is a substantial topic, and
a range of reference texts and software are available.
Some of the basic principles of good design are, how-
ever, summarized below.

1. Arrange experiments for cancelation: the most pre-
cise and accurate measurements seek to cancel out
sources of bias. For example, null-point methods,
in which a reference and test item are compared
directly by adjusting an instrument to give a zero
reading, are very effective in removing bias due to
residual current flow in an instrument. Simultane-
ous measurement of test item and calibrant reduces
calibration differences; examples include the use of
internal standards in chemical measurement, and the
use of comparator instruments in gage block calibra-
tion. Difference and ratio experiments also tend to
reduce the effects of bias; it is therefore often better
to study differences or ratios of responses obtained
under identical conditions than to compare absolute
measurements.

2. Control if you can; randomize if you cannot: a good
experimenter will identify the main sources of bias
and control them. For example, if temperature is
an issue, temperature should be controlled as far as
possible. If direct control is impossible, the statisti-
cal analysis should include the nuisance parameter.
Blocking — systematic allocation of test items to
different strata — can also help reduce bias. For ex-
ample, in a 2day experiment, ensuring that every
type of test item is measured an equal number of
times on each day will allow statistical analysis to
remove the between-day effect. Where an effect is
known but cannot be controlled, and also to guard
against unknown systematic effects, randomization
should be used. For example, measurements should
always be made in random order within blocks as far
as possible (although the order should be recorded
to allow trends to be identified), and test items
should be assigned randomly to treatments.

3. Plan for replication or obtaining independent un-
certainty estimates: without knowledge of the
precision available, and more generally of the un-
certainty, the experiment cannot be interpreted.
Statistical tests all rely on comparison of an effect
with some estimate of the uncertainty of the effect,
usually based on observed precision. Thus, exper-
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iments should always include some replication to
allow precision to be estimated, or provide for ad-
ditional information of the uncertainty.

4. Design for statistical analysis: To consult a statisti-
cian after an experiment is finished is often merely
to ask him to conduct a post-mortem examination.
He can perhaps say what the experiment died of.
(R. A. Fisher, Presidential Address to the First In-
dian Statistical Congress, 1938). An experiment
should always be planned with a specific method
of statistical analysis in mind. Otherwise, despite
the considerable range of tools available, there is
too high a risk that no statistical analysis will
be applicable. One particular issue in this context
is that of balance. Many experiments test several
parameters simultaneously. If more data are ob-
tained on some combinations than others, it may
be impossible to separate the different effects. This
applies particularly to two-way or higher-order anal-
ysis of variance, in which interaction terms are
not generally interpretable with unbalanced designs.
Imbalance can be tolerated in some types of analy-
sis, but not in all.

Significance Testing
General Principles. Because measurement results vary,
there is always some doubt about whether an observed
difference arises from chance variation or from an un-
derlying, real difference. Significance testing allows
the scientist to make reliable objective judgements on
the basis of data gathered from experiments, while
protecting against overinterpretation based on chance
differences.

A significance test starts with some hypothesis
about a true value or values, and then determines
whether the observations — which may or may not ap-
pear to contradict the hypothesis — could reasonably
arise by chance if the hypothesis were correct. Sig-
nificance tests therefore involve the following general
steps.

1. State the question clearly, in terms of a null
hypothesis and an alternate hypothesis: in most sig-
nificance testing, the null hypothesis is that there is
no effect of interest. The alternate is always an alter-
native state of affairs such that the two hypotheses
are mutually exclusive and that the combined prob-
ability of one or the other is equal to 1; that is, that
no other situation is relevant. For example, a com-
mon null hypothesis about a difference between two
values is: there is no difference between the true val-

ues (1 = u2). The relevant alternate is that there is
a difference between the true values (i1 # jt2). The
two are mutually exclusive (they cannot both be true
simultaneously) and it is certain that one of them is
true, so the combined probability is exactly 1.0. The
importance of the hypotheses is that different initial
hypotheses lead to different estimates of the proba-
bility of a contradictory observation. For example, if
it is hypothesized that the (true) value of the measur-
and is exactly equal to some reference value, there
is some probability (usually equal) of contradictory
observations both above and below the reference
value. If, on the other hand, it is hypothesized that
the true value is less than or equal to the reference
value, the situation changes. If the true value may
be anywhere below or equal to the reference value,
it is less likely that observations above the refer-
ence value will occur, because of the reduced chance
of such observations from true values very far be-
low the reference value. This change in probability
of observations on one side or another must be re-
flected either in the choice of critical value, or in the
method of calculation of the probability.

2. Select an appropriate test: different questions re-
quire different tests; so do different distribution
assumptions. Table 3.2 provides a summary of the
tests appropriate for a range of common situations.
Each test dictates the method of calculating a value
called the test statistic from the data.

3. Calculate the test statistic: in software, the test
statistic is usually calculated automatically, based
on the test chosen.

4. Choose a significance level: the significance level
is the probability at which chance is deemed suf-
ficiently unlikely to justify rejection of the null
hypothesis. It is usually the measurement scientist’s
responsibility to choose the level of significance
appropriately. For most common tests on measure-
ment results, the significance level is set at 0.05,

Table 3.2 Common significance tests for normally distri-
bution data. The following symbols are used: « is the
desired significance level (usually 0.05); w is the (true)
value of the measurand; o is the population standard devi-
ation for the population described by u (not that calculated
from the data). a is the observed mean; s is the standard de-
viation of the data used to calculate X; n is the number of
data points. xg is the reference value; xy, x1. are the upper
and lower limits of a range. w1, w2, X1, X2, 1, $2, 11, N2
are the corresponding values for each of two sets of data
to be compared »
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Test objective

Test name

Test statistic

Tests on a single observed mean x against a reference value or range

Test for significant difference
from the reference value xg

Test for x significantly exceed-
ing an upper limit xq

Test for X falling significantly
below a lower limit xq

Test for x falling significantly
outside a range [x, xy]

Student 7-test

Student 7-test

Student 7-test

Student 7-test

[xo —X| /(s/~/n)
(x —x0)/(s/~/1)
(xo —X)/(s/~/n)

o { (51 =)/ (s//n) }
=50/ s/

Tests for significant difference between two means

(a) With equal variance

(b) With significantly different

variance

Equal-variance
t-test

Unequal-
variance
t-test

[x1 — 2|

Remarks

Hypothesis (u = xo) against alternate (xo # ). Use
a table of two-tailed critical values

Hypothesis (1) = up) against alternate (u;—p2). Use
a table of one-tailed critical values. Note that the sign of
X — X is retained

Hypothesis: x;, < p < xy against the alternate u < xp,
xy < . Use a table of one-tailed critical values. This
test assumes that the range is large compared with s, but
(xy —x1) > s gives adequate accuracy at the 5% signifi-
cance level

Hypothesis 11 = uo against alternate (w1 # (o)

Use a table of two-tailed critical values. For equal vari-
ance, take degrees of freedom equal to nj+np —2.
For unequal variance, take degrees of freedom equal to

(s%/nl +s§/n2)2
[(n1 = 1)/(s1/n1)? + (n2 — 1)(s2/n2)?]

For testing the hypothesis (1] > w, against the alternative ;1 < o, where w1 is the expected larger mean (not necessarily the larger observed
mean), calculate the test statistic using (x¥; —x) instead of [x; —X>| and use a one-tailed critical value

Test n paired values for signif-
icant difference (constant vari-
ance)

Tests for standard deviations

Test an observed standard de-
viation against a reference or
required value og

Test for a significant difference
between two observed standard
deviations

Test for one observed standard
deviations s; significantly ex-
ceeding another (s2)

Test for homogeneity of vari-
ance among several groups of
data

Paired ¢-test

i) Chi-squared
test

ii) F-test

F-test

F-test

Levene’s test

|d| / (sa/~/n),

i
1
4= Z(xl,i —x21)°
1

i) (n —1)s2 /o0

ii) s2 /o

2 2
max/ Smin

s

DI
s1/s3

N/A

Hypothesis (g = 0 against alternate ;g # 0. The sets must
consist of pairs of measurements, such as measurements
on the same test items by two different methods

i) Compare (n — 1)s? /oo with critical values for the chi-
squared distribution with n — 1 degrees of freedom

ii) Compare 52 /oo with critical values for F for (n —1)
and infinite degrees of freedom

For a test of o < 0 against o > oy, use the upper one-
tailed critical value of chi-squared or F for probability
a. To test o = op against o # op, use two-tailed limits
for chi-sqared or compare max (s /oy, 09 /s%) against the
upper one-tailed value for F' for probability c/2

Hypothesis: o1 = 02 against o # 02. Smax 1S the larger
observed standard deviation. Use the upper one-tailed crit-
ical value for F for a probability or/2 using n1 — 1, np — 1
degrees of freedom

Hypothesis: o1 < o, against o1 > 0,. Use the upper one-
tailed critical value for F for a probability « using n; — 1,
ny — 1 degrees of freedom

Levene’s test is most simply estimated as a one-way anal-
ysis of variance performed on absolute values of group
residuals, that is, |x;; — X |, where X; is an estimate of the
population mean of group j; X; is usually the median, but
the mean or another robust value can be used
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or 5%. For stringent tests, 1% significance or less
may be appropriate. The term level of confidence
is an alternative expression of the same quantity;
for example, the 5% level of significance is equal
to the 95% level of confidence. Mathematically, the
significance level is the probability of incorrectly
rejecting the null hypothesis given a particular crit-
ical value for a test statistic (see below). Thus, one
chooses the critical value to provide a suitable sig-
nificance level.

5. Calculate the degrees of freedom for the test: the
distribution of error often depends not only on the
number of observations n, but on the number of de-
grees of freedom v (Greek letter nu). v is usually
equal to the number of observations minus the num-
ber of parameters estimated from the data: n —1
for a simple mean value, for example. For experi-
ments involving many parameters or many distinct
groups, the number of degrees of freedom may be
very different from the number of observations. The
number of degrees of freedom is usually calculated
automatically in software.

6. Obtain a critical value: critical values are obtained
from tables for the relevant distribution, or from
software. Statistical software usually calculates the
critical value automatically given the level of signif-
icance.

7. Compare the test statistic with the critical value or
examine the calculated probability (p-value). Tra-
ditionally, the test is completed by comparing the
calculated value of the test statistic with the critical
value determined from tables or software. Usually
(but not always) a calculated value higher than
the critical value denotes significance at the cho-
sen level of significance. In software, it is generally
more convenient to examine the calculated probabil-
ity of the observed test statistic, or p-value, which
is usually part of the output. The p-value is always
between 0 and 1; small values indicate a low prob-
ability of chance occurrence. Thus, if the p-value
is below the chosen level of significance, the result
of the test is significant and the null hypothesis is
rejected.

Significance Tests for Specific Circumstances. Table 3.2
provides a summary of the most common significance
tests used in measurement for normally distributed data.
The calculations for the relevant test statistics are in-
cluded, although most are calculated automatically by
software.

Interpretation of Significance Test Results. While
a significance test provides information on whether an
observed difference could arise by chance, it is impor-
tant to remember that statistical significance does not
necessarily equate to practical importance. Given suf-
ficient data, very small differences can be detected. It
does not follow that such small differences are impor-
tant. For example, given good precision, a measured
mean 2% away from a reference value may be statis-
tically significant. If the measurement requirement is to
determine a value within 10%, however, the 2% bias has
little practical importance.

The other chief limitation of significance testing is
that a lack of statistical significance cannot prove the
absence of an effect. It should be interpreted only as
an indication that the experiment failed to provide suf-
ficient evidence to conclude that there was an effect. At
best, statistical insignificance shows only that the effect
is not large compared with the experimental precision
available. Where many experiments fail to find a signif-
icant effect, of course, it becomes increasingly safe to
conclude that there is none.

Effect of Nonconstant Standard Deviation. Signifi-
cance tests on means assume that the standard deviation
is a good estimate of the population standard devia-
tion and that it is constant with u. This assumption
breaks down, for example, if the standard deviation is
approximately proportional to £, a common observation
in many fields of measurement (including analytical
chemistry and radiological counting, although the latter
would use intervals based on the Poisson distribution).
In conducting a significance test in such circumstances,
the test should be based on the best estimate of the
standard deviation at the hypothesized value of u, and
not that at the value . To take a specific example, in
calculating whether a measured value significantly ex-
ceeds a limit, the test should be based on the standard
deviation at the limit, not at the observed value.

Fortunately, this is only a problem when the stan-
dard deviation depends very strongly on p in the range
of interest and where the standard deviation is large
compared with the mean to be tested. For s/x less than
about 0.1, for example, it is rarely important.

Confidence Intervals
Statistical Basis of Confidence Intervals. A confidence
interval is an interval within which a statistic (such as
a mean or a single observation) would be expected to be
observed with a specified probability.
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Significance tests are closely related to the idea of
confidence intervals. Consider a test for significant dif-
ference between an observed mean X (taken from n
values with standard deviation s) against a hypothe-
sized measurand value . Using a t-test, the difference
is considered significant at the level of confidence 1 — «
if

X — ]

s/v/n
where 1,2 is the two-tailed critical value of Student’s
t at a level of significance «. The condition for an in-
significant difference is therefore

X — ]
<1 .
S/ﬁ = la,w,2
Rearranging gives |X— u| <1y,.28/4/n, OF equiva-
lently, —fg p25//n <X — i <tyy25/+/n. Adding x
and adjusting signs and inequalities accordingly gives

)E_ta.v,Zs/\/ﬁ fﬂfi‘l‘ta,vls/\/% .

This interval is called the 1 — o« confidence interval
for 1. Any value of  within this interval would be con-
sidered consistent with X under a 7-test at significance
level .

Strictly, this confidence interval cannot be inter-
preted in terms of the probability that p is within
the interval X =14, 25/ J/n. It is, rather, that, in
a long succession of similar experiments, a propor-
tion 100(1 — )% of the calculated confidence intervals
would be expected to contain the true mean p. However,
because the significance level « is chosen to ensure that
this proportion is reasonably high, a confidence interval
does give an indication of the range of values that can
reasonably be attributed to the measurand, based on the
statistical information available so far. (It will be seen
later that other information may alter the range of values
we may attribute to the measurand.)

For most practical purposes, the confidence inter-
val is quoted at the 95% level of confidence. The value
of ¢ for 95% confidence is approximately 2.0 for large
degrees of freedom; it is accordingly common to use
the range X £ 2s/+/n as an approximate 95% confidence
interval for the value of the measurand.

Note that, while the confidence interval is in this in-
stance symmetrical about the measured mean value, this
is by no means always the case. Confidence intervals
based on Poisson distributions are markedly asymmet-
ric, as are those for variances. Asymmetric confidence
intervals can also be expected when the standard devi-
ation varies strongly with u, as noted above in relation
to significance tests.

>to,2

Before leaving the topic of confidence intervals, it
is worth noting that the use of confidence intervals is
not limited to mean values. Essentially any estimated
parameter estimate has a confidence interval. It is of-
ten simpler to compare some hypothesized value of the
parameter with the confidence interval than to carry out
a significance test. For example, a simple test for signif-
icance of an intercept in linear regression (below) is to
see whether the confidence interval for the intercept in-
cludes zero. If it does, the intercept is not statistically
significant.

Analysis of Variance
Introduction to ANOVA. Analysis of variance (ANOVA)
is a general tool for analyzing data grouped by some
factor or factors of interest, such as laboratory, opera-
tor or temperature. ANOVA allows decisions on which
factors are contributing significantly to the overall dis-
persion of the data. It can also provide a direct measure
of the dispersion due to each factor.

Factors can be qualitative or quantitative. For ex-
ample, replicate data from different laboratories are
grouped by the qualitative factor laboratory. This
single-factor data would require one-way analysis of
variance. In an experiment to examine time and tem-
perature effects on a reaction, the data are grouped by
both time and temperature. Two factors require two-way
analysis of variance. Each factor treated by ANOVA
must take two or more values, or levels. A combination
of factor levels is termed a cell, since it forms a cell in
a table of data grouped by factor levels. Table 3.3 shows
an example of data grouped by time and temperature.
There are two factors (time and temperature), and each
has three levels (distinct values). Each cell (that is, each
time/temperature combination) holds two observations.

The calculations for ANOVA are best done using
software. Software can automate the traditional man-
ual calculation, or can use more general methods. For
example, simple grouped data with equal numbers of
replicates within each cell are relatively simple to ana-

Table 3.3 Example data for two-way ANOVA

Time (min) Temperature (K)
298 315 330
10 6.4 11.9 13.5
10 8.4 4.8 16.7
12 7.8 10.6 17.6
12 10.1 11.9 14.8
9 1.5 8.1 13.2
9 3.9 7.6 15.6

59

€°¢|vMed



60

€°¢|V Med

Part A

Fundamentals of Metrology and Testing

lyze using summation and sums of squares. Where there
are different numbers of replicates per cell (referred to
as an unbalanced design), ANOVA is better carried out
by linear modeling software. Indeed, this is often the
default method in current statistical software packages.
Fortunately, the output is generally similar whatever the
process used. This section accordingly discusses the in-
terpretation of output from ANOVA software, rather
than the process itself.

One-Way ANOVA. One-way ANOVA operates on the
assumption that there are two sources of variance in
the data: an effect that causes the true mean values of
groups to differ, and another that causes data within
each group to disperse. In terms of a statistical model,
the i-th observation in the j-th group, x;;, is given by

Xjj = p+8j+ep,

where § and ¢ are usually assumed to be normally
distributed with mean O and standard deviations oy,
and oy, respectively. The subscripts “b” and “w” refer
to the between-group effect and the within-group ef-
fect, respectively. A typical ANOVA table for one-way
ANOVA is shown in Table 3.4 (The data analyzed are
shown, to three figures only, in Table 3.5). The impor-
tant features are

® The row labels, Between groups and Within groups,
refer to the estimated contributions from each of the
two effects in the model. The Total row refers to the
total dispersion of the data.

® The columns “SS” and “df” are the sum of squares
(actually, the sum of squared deviations from the
relevant mean value) and the degrees of freedom for
each effect. Notice that the total sum of squares and
degrees of freedom are equal to the sum of those in
the rows above; this is a general feature of ANOVA,
and in fact the between-group SS and df can be
calculated from the other two rows.

® The “MS” column refers to a quantity called the
mean square for each effect. Calculated by divid-
ing the sum of squares by the degrees of freedom, it
can be shown that each mean square is an estimated

Table 3.4 One-way ANOVA. Analysis of variance table

Source of variation SS df
Between groups 8.85 3
Within groups 741 8
Total 16.26 11

2.95
0.93

variance. The between-group mean square (MSp)
estimates nwag—l—a%v (where ny, is the number of
values in each group); the within-group mean square
(MSy) estimates the within-group variance 0.

It follows that, if the between-group contribution were
zero, the two mean squares should be the same, while
if there were a real between-group effect, the between-
group mean square would be larger than the within-
group mean square. This allows a test for significance,
specifically, a one-sided F-test. The table accordingly
gives the calculated value for F (= MSp/MSy,), the
relevant critical value for F using the degrees of free-
dom shown, and the p-value, that is, the probability that
F > F_qc given the null hypothesis. In this table, the
p-value is approximately 0.08, so in this instance, it is
concluded that the difference is not statistically signifi-
cant. By implication, the instruments under study show
no significant differences.

Finally, one-way ANOVA is often used for interlab-
oratory data to calculate repeatability and reproducibil-
ity for a method or process. Under interlaboratory
conditions, repeatability standard deviation s; is simply

MSy.

The reproducibility standard deviation sg is given

by

\/ MSh + (7 — HMSy
SR = .
Nw

Two-Way ANOVA. Two-way ANOVA is interpreted in
a broadly similar manner. Each effect is allocated a row
in an ANOVA table, and each main effect (that is, the
effect of each factor) can be tested against the within-
group term (often called the residual, or error, term in
higher-order ANOVA tables). There is, however, one
additional feature found in higher-order ANOVA tables:
the presence of one or more interaction terms.

By way of example, Table 3.6 shows the two-way
ANOVA table for the data in Table 3.3. Notice the
Interaction row (in some software, this would be la-
beled Time:Temperature to denote which interaction it
referred to). The presence of this row is best understood

P-value
0.084

Ferie

3.19 4.07
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Table 3.5 One-way ANOVA. Data analyzed

Instrument

A B C D
58.58 59.89 60.76 61.80
60.15 61.02 60.78 60.60
59.65 61.40 62.90 62.50

by reference to a new statistical model
Xijk =+ Aj+ By +ABjr + & .

Assume for the moment that the factor A relates to the
columns in Table 3.3, and the factor B to the rows. This
model says that each level j of factor A shifts all re-
sults in column j by an amount A, and each level k of
factor B shifts all values in row k by an amount B;.
This alone would mean that the effect of factor A is
independent of the level of factor B. Indeed it is per-
fectly possible to analyze the data using the statistical
model x;jx = u+ Aj + By +&jx to determine these main
effects — even without replication; this is the basis of so-
called two-way ANOVA without replication. However,
it is possible that the effects of A and B are not inde-
pendent; perhaps the effect of factor A depends on the
level of B. In a chemical reaction, this is not unusual;
the effect of time on reaction yield is generally depen-
dent on the temperature, and vice versa. The term AB j;
in the above model allows for this, by associating a pos-
sible additional effect with every combination of factor
levels A and B. This is the interaction term, and is the
term referred to by the Interaction row in Table 3.6. If
it is significant with respect to the within-group, or er-
ror, term, this indicates that the effects of the two main
factors are not independent.

In general, in an analysis of data on measure-
ment systems, it is safe to assume that the levels of
the factors A and B are chosen from a larger possi-
ble population. This situation is analyzed, in two-way
ANOVA, as a random-effects model. Interpretation of
the ANOVA table in this situation proceeds as follows.

Table 3.6 Two-way ANOVA table

Source of variation SS df
Time 44.6 2
Temperature 246.5

Interaction 15.4 4
Within 46.0 9

Total 352.5 17

1. Compare the interaction term with the within-group
term.

2. If the interaction term is not significant, the main
effects can be compared directly with the within-
group term, as usually calculated in most ANOVA
tables. In this situation, greater power can be ob-
tained by pooling the within-group and interaction
term, by adding the sums of squares and the de-
grees of freedom values, and calculating a new mean
square from the new combined sum of squares and
degrees of freedom. In Table 3.6, for example, the
new mean square would be 4.7, and (more impor-
tantly) the degrees of freedom for the pooled effect
would be 13, instead of 9. The resulting p-values for
the main effects drop to 0.029 and 3 x 107 as a re-
sult. With statistical software, it is simpler to repeat
the analysis omitting the interaction term, which
gives the same results.

3. If the interaction term is significant, it should
be concluded that, even if the main effects are
not statistically significant in isolation, their com-
bined effect is statistically significant. Furthermore,
the effects are not independent of one another.
For example, high temperature and long times
might increase yield more than simply raising the
temperature or extending the time in isolation. Sec-
ond, compare the main effects with the interaction
term (using an F-test on the mean squares) to
establish whether each main effect has a statisti-
cally significant additional influence — that is, in
addition to its effect in combination — on the re-
sults.

The analysis proceeds differently where both factors
are fixed effects, that is, not drawn from a larger popu-
lation. In such cases, all effects are compared directly
with the within-group term.

Higher-order ANOVA models can be constructed
using statistical software. It is perfectly possible to an-
alyze simultaneously for any number of effects and all
their interactions, given sufficient replication. However,

MS F P-value Ferie
22.3 44 0.047 4.26
123.2 24.1 0.0002 4.26
3.8 0.8 0.58 3.63
5.1
154.5

61

€°¢|vMed



62

€°€|Vvued

Part A

Fundamentals of Metrology and Testing

in two-way and higher-order ANOVA, some cautionary
notes are important.

Assumptions in ANOVA. ANOVA (as presented above)
assumes normality, and also assumes that the within-
group variances arise from the same population. Depar-
tures from normality are not generally critical; most of
the mean squares are related to sums of squares of group
means, and as noted above, means tend to be normally
distributed even where the parent distribution is nonnor-
mal. However, severe outliers can have serious effects;
a single severe outlier can inflate the within-group mean
square drastically and thereby obscure significant main
effects. Outliers can also lead to spurious significance —
particularly for interaction terms — by moving individ-
ual group means. Careful inspection to detect outliers is
accordingly important. Graphical methods, such as box
plots, are ideal for this purpose, though other methods
are commonly applied (see Outlier detection below).

The assumption of equal variance (homoscedastic-
ity) is often more important in ANOVA than that of
normality. Count data, for example, manifest a vari-
ance related to the mean count. This can cause seriously
misleading interpretation. The general approach in such
cases is to transform the data to give constant variance
(not necessarily normality) for the transformed data.
For example, Poisson-distributed count data, for which
the variance is expected to be equal to the mean value,
should be transformed by taking the square root of each
value before analysis; this provides data that satisfies
the assumption of homoscedasticity to a reasonable ap-
proximation.

Effect of Unbalanced Design. Two-way ANOVA usu-
ally assumes that the design is balanced, that is, all cells
are populated and all contain equal numbers of observa-
tions. If this is not the case, the order that terms appear
in the model becomes important, and changing the order
can affect the apparent significance. Furthermore, the
mean squares no longer estimate isolated effects, and
comparisons no longer test useful hypotheses.
Advanced statistical software can address this issue
to an extent, using various modified sums of squares
(usually referred to as type I, III etc.). In practise, even
these are not always sufficient. A more general approach
is to proceed by constructing a linear model containing
all the effects, then comparing the residual mean square
with that for models constructed by omitting each main
effect (or interaction term) in turn. Significant differ-
ences in the residual mean square indicate a significant
effect, independently of the order of specification.

Least-Squares Linear Regression
Principles of Least-Squares Regression. Linear regres-
sion estimates the coefficients «; of a model of the
general form

Y=+ X1+ X0+ -4+a,X,,

where, most generally, each variable X is a basis func-
tion, that is, some function of a measured variable.
Thus, the term covers both multiple regression, in which
each X may be a different quantity, and polynomial
regression, in which successive basis functions X are
increasing powers of the independent variable (e.g., x,
x? etc.). Other forms are, of course, possible. These all
fall into the class of linear regression because they are
linear in the coefficients «;, not because they are lin-
ear in the variable X. However, the most common use
of linear regression in measurement is to estimate the
coefficients in the simple model

Y=aop4+o1X,

and this simplest form — the form usually implied by the
unqualified term linear regression — is the subject of this
section.

The coefficients for the linear model above can be
estimated using a surprisingly wide range of proce-
dures, including robust procedures, which are resistant
to the effects of outliers, and nonparametric methods,
which make no distribution assumptions. In practise,
by far the most common is simple least-squares linear
regression, which provides the minimum-variance un-
biased estimate of the coefficients when all errors are in
the dependent variable Y and the error in Y is normally
distributed. The statistical model for this situation is

yi=aotoixi+éi,

where ¢; is the usual error term and «; are the true values
of the coefficients, with estimated values a;. The coeffi-
cients are estimated by finding the values that minimize
the sum of squares

Z w; [yi — (a0 +a1Xi)]2 ;
1

where the w; are weights chosen appropriately for the
variance associated with each point y;. Most simple re-
gression software sets the weights equal to 1, implicitly
assuming equal variance for all y;. Another common
procedure (rarely available in spreadsheet implemen-
tations) is to set w; =1 /siz, where s; is the standard
deviation at y;; this inverse variance weighting is the
correct weighting where the standard deviation varies
significantly across the y;.
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The calculations are well documented elsewhere
and, as usual, will be assumed to be carried out by
software. The remainder of this section accordingly
discusses the planning and interpretation of linear re-
gression in measurement applications.

Planning for Linear Regression. Most applications of
linear regression for measurement relate to the construc-
tion of a calibration curve (actually a straight line). The
instrument response for a number of reference values is
obtained, and the calculated coefficients a; used to esti-
mate the measurand value from signal responses on test
items. There are two stages to this process. At the val-
idation stage, the linearity of the response is checked.
This generally requires sufficient power to detect depar-
tures from linearity and to investigate the dependence
of precision on response. For routine measurement, it is
sufficient to reestablish the calibration line for current
circumstances; this generally requires sufficient uncer-
tainty and some protection against erroneous readings
or reference material preparation.

In the first, validation, study, a minimum of five lev-
els, approximately equally spaced across the range of
interest, are recommended. Replication is vital if a de-
pendence of precision on response is likely; at least
three replicates are usually required. Higher numbers of
both levels and replication provide more power.

At the routine calibration stage, if the linearity is
very well known over the range of interest and the inter-
cept demonstrably insignificant, single-point calibration
is feasible; two-point calibration may also be feasible if
the intercept is nonzero. However, since there is then no
possibility of checking either the internal consistency of
the fit, or the quality of the fit, suitable quality control
checks are essential in such cases. To provide additional
checks, it is often useful to run a minimum of four to
five levels; this allows checks for outlying values and
for unsuspected nonlinearity. Of course, for extended
calibration ranges, with less well-known linearity, it will
be valuable to add further points. In the following dis-
cussion, it will be assumed that at least five levels are
included.

Interpreting Regression Statistics. The first, and per-
haps most important, check on the data is to inspect
the fitted line visually, and wherever possible to check
a residual plot. For unweighted regression (i. e., where
w; = 1.0) the residual plot is simply a scatter plot of the
values y; — (ap + a1 x;) against x;. Where weighted re-
gression is used, it is more useful to plot the weighted
residuals w;[y; — (ap + a1 x;)]. Figure 3.6 shows an ex-

a) y
15
yi—y (pred)
10 =
5
1 2 3 4 5
X
b) y-y (pred)
0.1% o
a—
8 °
—0.05|° 3
~0.1
1 2 3 4 5
X

Fig.3.6a,b Linear regression

ample, including the fitted line and data (Fig. 3.6a) and
the residual plot (Fig.3.6b). The residual plot clearly
provides a much more detailed picture of the dispersion
around the line. It should be inspected for evidence of
curvature, outlying points, and unexpected changes in
precision. In Fig. 3.6, for example, there is no evidence
of curvature, though there might be a high outlying
point at x; = 1.

Regression statistics include the correlation coef-
ficient r (or r2) and a derived correlation coefficient
r? (adjusted), plus the regression parameters a; and
(usually) their standard errors, confidence intervals,
and a p-value for each based on a z-test for differ-
ence compared with the null hypothesis of zero for
each.

The regression coefficient is always in the range —1
to 1. Values nearer zero indicate a lack of linear relation-
ship (not necessarily a lack of any relationship); values
near 1 or —1 indicate a strong linear relationship. The
regression coefficient will always be high when the data
are clustered at the ends of the plot, which is why it
is good practise to space points approximately evenly.
Note that r and r2 approach 1 as the number of degrees
of freedom approaches zero, which can lead to overin-
terpretation. The adjusted r2 value protects against this,
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as it decreases as the number of degrees of freedom
reduces.

The regression parameters and their standard errors
should be examined. Usually, in calibration, the inter-
cept ag is of interest; if it is insignificant (judged by
a high p-value, or a confidence interval including zero)
it may reasonably be omitted in routine calibration. The
slope a; should always be highly significant in any prac-
tical calibration. If a p-value is given for the regression
as a whole, this indicates, again, whether there is a sig-
nificant linear relationship; this is usually well known in
calibration, though it is important in exploratory analy-
sis (for example, when investigating a possible effect on
results).

Prediction from Linear Calibration. If the regression
statistics and residual plot are satisfactory, the curve can
be used for prediction. Usually, this involves estimating
a value xo from an observation yg. This will, for many
measurements, require some estimate of the uncertainty
associated with prediction of a measurand value x from
an observation y. Prediction uncertainties are, unfortu-
nately, rarely available from regression software. The
relevant expression is therefore given below.

1 ( _ )2 1/2
S -
Sxp = (y/x) wo Yo — Yw

aj n o aty (wix} —ni2)

Sx, 18 the standard error of prediction for a value xq pre-
dicted from an observation yp; S(y/x) is the (weighted)
residual standard deviation for the regression; ¥y
and Xy, are the weighted means of the x and y data used
in the calibration; n is the number of (x, y) pairs used;
wo is a weighting factor for the observation yo; if yg is
a mean of ng observations, wy is 1/ng if the calibration
used unweighted regression, or is calculated as for the
original data if weighting is used; sy, is the uncertainty
arising from the calibration and precision of observation
of yp in a predicted value xg.

Outlier Detection

Identifying Outliers. Measurement data frequently
contain a proportion of extreme values arising from pro-
cedural errors or, sometimes, unusual test items. It is,
however, often difficult to distinguish erroneous values
from chance variations, which can also give rise to oc-
casional extreme values. Outlier detection methods help
to distinguish between chance occurrence as part of the
normal population of data, and values that cannot rea-
sonably arise from random variability.

o _—
a) Outlier? ° ° Outlier?
000 000 \
Q Q000909 009099 Q
b) Outliers?
/ 3 \
Q09
Q 009099 (*]
c¢) Outliers? ~ Outliers?
Q909 Q09
Q0 Q00090 Q00000 O O

Fig. 3.7a-c Possible outliers in data sets

Graphical methods are effective in identifying pos-
sible outliers for follow-up. Dot plots make extreme
values very obvious, though most sets have at least some
apparent extreme values. Box-and-whisker plots pro-
vide an additional quantitative check; any single point
beyond the whisker ends is unlikely to arise by chance
in a small to medium data set. Graphical methods are
usually adequate for the principal purpose of identi-
fying data points which require closer inspection, to
identify possible procedural errors. However, if criti-
cal decisions (including rejection — see below) are to
be taken, or to protect against unwarranted follow-up
work, graphical inspection should always be supported
by statistical tests. A variety of tests are available; the
most useful for measurement work are listed in Ta-
ble 3.7. Grubb’s tests are generally convenient (given
the correct tables); they allow tests for single outliers
in an otherwise normally distributed data set (Fig. 3.7a),
and for simultaneous outlying pairs of extreme values
(Fig. 3.7b, c), which would otherwise cause outlier tests
to fail. Cochran’s test is effective in identifying outlying
variances, an important problem if data are to be sub-
jected to analysis of variance or (sometimes) in quality
control.

Successive application of outlier tests is permitted;
it is not unusual to find that one exceptionally extreme
value is accompanied by another, less extreme value.
This simply involves testing the remainder of the data
set after discovering an outlier.

Action on Detecting Outliers. A statistical outlier is
only unlikely to arise by chance. In general, this is a sig-
nal to investigate and correct the cause of the problem.
As a general rule, outliers should not be removed from
the data set simply because of the result of a statistical
test. However, many statistical procedures are seriously
undermined by erroneous values, and long experience
suggests that human error is the most common cause
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Table 3.7 Tests for outliers in normally distributed data. The following assume an ordered set of data xj . .. x,. Tables of
critical values for the following can be found in ISO 5725:1995 part 2, among other sources. Symbols otherwise follow

those in Table 3.2

Test objective Test name Test statistic Remarks

Test for a single outlier in an i) Dixon’s test n= 3...7: The test statistics vary with the

otherwise normal distribution (X — xp—1)/(xp — x1) number of data points. Only the
n= 8...10: test statistic for a high outlier is
(Xp —Xp—1)/(xy —x2) shown; to calculate the test statis-
n=10...30: tic for a low outlier, renumber the

(Xn — Xn—2)/(Xn — x3)

ii) Grubb’s test 1

Test for two outliers on op-  Grubb’s test 2

posite sides of an otherwise
normal distribution

Test for two outliers on the Grubb’s test 3

same side of an otherwise nor-
mal distribution

Test for a single high variance ~ Cochran’s test

in / groups of data

n

of extreme outliers. This experience has given rise to
some general rules which are often used in processing,
for example, interlaboratory data.

1. Test at the 95% and the 99% confidence level.

All outliers should be investigated and any errors
corrected.

3. Outliers significant at the 99% level may be rejected
unless there is a technical reason to retain them.

4. Outliers significant only at the 95% level should
be rejected only if there is an additional, technical
reason to do so.

5. Successive testing and rejection is permitted, but not
to the extent of rejecting a large proportion of the
data.

This procedure leads to results which are not un-
duly biased by rejection of chance extreme values, but
are relatively insensitive to outliers at the frequency
commonly encountered in measurement work. Note,
however, that this objective can be attained without out-

(x, —x)/s (high outlier)
(x —x1)/s (low outlier)

X

(xn 7X1)/S

data in descending order. Critical
values must be found from tables of
Dixon’s test statistic if not available
in software

Grubb’s test is simpler than Dixon’s
test if using software, although crit-
ical values must again be found
from tables if not available in soft-
ware

s(x3...x,) is the standard devia-

(n—3)[s(x3... xn)]2> tion for the data excluding the two

suspected outliers. The test can be
performed on data in both ascend-
ing and descending order to detect
paired outliers at each end. Criti-
cal values must use the appropriate
tables

Use tables for Grubb’s test 3

(n—1)s2

(sz)ma; 7= % Z n;
S i=1,1

i=1,0

lier testing by using robust statistics where appropriate;
this is the subject of the next section.

Finally, it is important to remember that an outlier is
only outlying in relation to some prior expectation. The
tests in Table 3.7 assume underlying normality. If the
data were Poisson distributed, for example, too many
high values would be rejected as inconsistent with a nor-
mal distribution. It is generally unsafe to reject, or even
test for, outliers unless the underlying distribution is
known.

Robust Statistics
Introduction. Instead of rejecting outliers, robust statis-
tics uses methods which are less strongly affected by
extreme values. A simple example of a robust estimate
of a population mean is the median, which is essen-
tially unaffected by the exact value of extreme points.
For example, the median of the data set (1, 2, 3, 4, 6)
is identical to that of (1, 2, 3, 4, 60). The median, how-
ever, is substantially more variable than the mean when
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the data are not outlier-contaminated. A variety of es-
timators have accordingly been developed that retain
a useful degree of resistance to outliers without unduly
affecting performance on normally distributed data.
A short summary of the main estimators for means
and standard deviations is given below. Robust meth-
ods also exist for analysis of variance, linear regression,
and other modeling and estimation approaches.

Robust Estimators for Population Means. The me-
dian, as noted above, is a relatively robust estimator,
widely available in software. It is very resistant to ex-
treme values; up to half the data may go to infinity
without affecting the median value. Another simple ro-
bust estimate is the so-called trimmed mean: the mean
of the data set with two or more of the most extreme
values removed. Both suffer from increases in variabil-
ity for normally distributed data, the trimmed mean less
SO.

The mean suffers from outliers in part because it
is a least-squares estimate, which effectively gives val-
ues a weight related to the square of their distance from
the mean (that is, the loss function is quadratic). A gen-
eral improvement can be obtained using methods which
use a modified loss function. Huber (see Sect. 3.12 Fur-
ther Reading) suggested a number of such estimators,
which allocate a weight proportional to squared distance
up to some multiple ¢ of the estimated standard devia-
tion § for the set, and thereafter a weight proportional
to distance. Such estimators are called M-estimators, as
they follow from maximum-likelihood considerations.
In Huber’s proposal, the algorithm used is to replace
each value x; in a data set with z;, where

X if X—cx§<xi<X+cxs§
i =

’

X4 cx§ otherwise

and recalculate the mean X, applying the process
iteratively until the result converges. A suitable one-
dimensional search algorithm may be faster. The esti-
mated standard deviation is usually determined using
a separate robust estimator, or (in Huber’s proposal 2)
iteratively, together with the mean. Another well-known
approach is to use Tukey’s biweight as the loss function;
this also reduces the weight of extreme observations (to
zero, for very extreme values).

Robust Estimators of Standard Deviation. Two com-
mon robust estimates of standard deviation are based on
rank order statistics, such as the median. The first, the
median absolute deviation (MAD), calculates the me-
dian of absolute deviations from the estimated mean

value X, that is, median (|x; — X|). This value is not di-
rectly comparable to the standard deviation in the case
of normally distributed data; to obtain an estimate of
the standard deviation, a modification known as MAD,
should be used. This is calculated as MAD/0.6745.
Another common estimate is based on the interquar-
tile range (IQR) of a set of data; a normal distribution
has standard deviation IQR/1.349. The IQR method is
slightly more variable than the MAD,. method, but is
usually easier to implement, as quartiles are frequently
available in software. Huber’s proposal 2 (above) gen-
erates a robust estimate of standard deviation as part of
the procedure; this estimate is expected to be identical
to the usual standard deviation for normally distributed
data. ISO 5725 provides an alternative iterative proce-
dure for a robust standard deviation independently of
the mean.

Using Robust Estimators. Robust estimators can be
thought of as providing good estimates of the param-
eters for the good data in an outlier-contaminated set.
They are appropriate when

® The data are expected to be normally distributed.
Here, robust statistics give answers very close to
ordinary statistics.

® The data are expected to be normally distributed,
but contaminated with occasional spurious values,
which are regarded as unrepresentative or erro-
neous. Here, robust estimators are less affected by
occasional extreme values and their use is rec-
ommended. Examples include setting up quality
control (QC) charts from real historical data with
occasional errors, and interpreting interlaboratory
study data with occasional problem observations.

Robust estimators are not recommended where

® The data are expected to follow nonnormal distri-
butions, such as binomial, Poisson, chi-squared, etc.
These generate extreme values with reasonable like-
lihood, and robust estimates based on assumptions
of underlying normality are not appropriate.

® Statistics that represent the whole data distribution
(including extreme values, outliers, and errors) are
required.

3.3.4 Statistics for Quality Control

Principles
Quality control applies statistical concepts to moni-
tor processes, including measurement processes, and



Quality in Measurement and Testing

3.3 Statistical Evaluation of Results

detect significant departures from normal operation.
The general approach to statistical quality control for
a measurement process is

1. regularly measure one or more typical test items
(control materials),

2. establish the mean and standard deviation of the
values obtained over time (ignoring any erroneous
results),

3. use these parameters to set up warning and action
criteria.

The criteria can include checks on stability of the mean
value and, where measurements on the control material
are replicated, on the precision of the process. It is also
possible to seek evidence of emerging trends in the data,
which might warn of impending or actual problems with
the process.

The criteria can be in the form of, for example, per-
mitted ranges for duplicate measurements, or a range
within which the mean value for the control material
must fall. Perhaps the most generally useful implemen-
tation, however, is in the form of a control chart. The
following section therefore describes a simple control
chart for monitoring measurement processes.

There is an extensive literature on statistical pro-
cess control and control charting in particular, including
a wide range of methods. Some useful references are
included in Sect. 3.12 Further Reading.

Control Charting

A control chart is a graphical means of monitoring
a measurement process, using observations plotted in
a time-ordered sequence. Several varieties are in com-
mon use, including cusum charts (sensitive to sustained
small bias) and range charts, which control precision.
The type described here is based on a Shewhart mean
chart. To construct the chart

® Obtain the mean x and standard deviation s of
at least 20 observations (averages if replication is
used) on a control material. Robust estimates are
recommended for this purpose, but at least ensure
that no erroneous or aberrant results are included in
this preliminary data.

® Draw a chart with date as the x-axis, and a y-axis
covering the range approximately X £ 4s.

® Draw the mean as a horizontal line on the chart.
Add two warning limits as horizontal lines at x & 2s,
and two further action limits at X £ 3s. These limits
are approximate. Exact limits for specific probabil-

ities are provided in, for example, ISO 8258:1991
Shewhart control charts.

As further data points are accumulated, plot each new
point on the chart. An example of such a chart is shown
in Fig.3.8.

Interpreting Control Chart Data
Two rules follow immediately from the action and
warning limits marked on the chart.

® A point outside the action limits is very unlikely
to arise by chance; the process should be regarded
as out of control and the reason investigated and
corrected.

® A point between the warning and action limits could
happen occasionally by chance (about 4-5% of the
time). Unless there is additional evidence of loss
of control, no action follows. It may be prudent to
remeasure the control material.

Other rules follow from unlikely sequences of obser-
vations. For example, two points outside the warning
limits — whether on one side or alternate sides — is very
unlikely and should be treated as actionable. A string
of seven or more points above, or below, the mean —
whether within the warning limits or not — is unlikely
and may indicate developing bias (some recommenda-
tions consider ten such successive points as actionable).
Sets of such rules are available in most textbooks on
statistical process control.

Action on Control Chart Action Conditions
In general, actionable conditions indicate a need for cor-
rective action. However, it is prudent to check that the
control material measurement is valid before undertak-
ing expensive investigations or halting a process. Taking
a second control measurement is therefore advised, par-
ticularly for warning conditions. However, it is not
sensible to continue taking control measurements until
one falls back inside the limits. A single remeasure-
ment is sufficient for confirmation of the out-of-control
condition.

If the results of the second check do not confirm the
first, it is sensible to ask how best to use the duplicate
data in coming to a final decision. For example, should
one act on the second observation? Or perhaps take the
mean of the two results? Strictly, the correct answer re-
quires consideration of the precision of the means of
duplicate measurements taken over the appropriate time
interval. If this is available, the appropriate limits can
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Fig.3.8 QC chart example. The figure shows successive QC measurements on a reference material certified for lead
content. There is evidence of loss of control at points marked by arrows

be calculated from the relevant standard deviation. If
not, the following procedure is suggested: First, check
whether the difference between the two observations is
consistent with the usual operating precision (the results
should be within approximately 2.8s of one another). If
so, take the mean of the two, and compare this with new

limits calculated as x £ 2s/ V2 and ¥ +35/+/2 (this is
conservative, in that it assumes complete independence
of successive QC measurements; it errs on the side of
action). If the two results do not agree within the ex-
pected precision, the cause requires investigation and
correction in any case.

3.4 Uncertainty and Accuracy of Measurement and Testing

3.4.1 General Principles

In metrology and testing, the result of a measurement
should always be expressed as the measured quantity
value together with its uncertainty. The uncertainty of
measurement is defined as a nonnegative parameter
characterizing the dispersion of the quantity values be-
ing attributed to a measurand [3.17].

Measurement accuracy, which is the closeness of
agreement between a measured quantity value and
the true quantity value of a measurand, is a posi-
tive formulation for the fact that the measured value

is deviating from the true value, which is consid-
ered unique and, in practise, unknowable. The devi-
ation between the measured value and the true value
or a reference value is called the measurement er-
ror.

Since the 1990s there has been a conceptual change
from the traditionally applied error approach to the un-
certainty approach.

In the error approach it is the aim of a measure-
ment to determine an estimate of the true value that is as
close as possible to that single true value. In the uncer-
tainty approach it is assumed that the information from
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measurement only permits assignment of an interval of
reasonable values to the measurand.

The master document, which is acknowledged to
apply to all measurement and testing fields and to
all types of uncertainties of quantitative results, is the
Guide to the Expression of Uncertainty in Measure-
ment (GUM) [3.19]. The Joint Committee for Guides
in Metrology Working Group 1 (JCGM-WG1), author
of the GUM, is producing a complementary series of
documents to accompany the GUM.

The GUM uncertainty philosophy has already been
introduced in Chap. 1, its essential points are

® A measurement quantity X, of which the true value
is not known exactly, is considered as a stochastic
variable with a probability function. Often it is as-
sumed that this is a normal (Gaussian) distribution.
® The result x of a measurement is an estimate of the
expectation value E(X) for X.
® The standard uncertainty u(x) of this measured
value is equal to the square root of the variance
V(X).
® Expectation (quantity value) and variance (standard
uncertainty) are estimated either
— by statistical processing of repeated measure-
ments (type A uncertainty evaluation) or
— by other methods (type B uncertainty evalua-
tion).
® The result of a measurement has to be expressed
as a quantity value together with its uncertainty, in-
cluding the unit of the measurand.

The methodology of measurement evaluation and
determination of measurement uncertainty are compiled

Type A evaluation:

Statistical processing of repeated
measurements (e.g., normal distribution)

. . information.
Coverage interval containing p%

of measured quantity values
(k: coverage factor)

k=2 = p=95%
k=3 = p=99.7%

Measured quantity values x;

Frequency

X = (max + min) /2
* Measured quantity values x;: xy, X2, ..., Xp

le—— A —|

) . _ 1y
* Arithmetic mean xX=— ZX; min X max
n

* Standard deviation 5=

* Standard measurement uncertainty u = s

* Expanded measurement uncertainty: U=k =u

Type B evaluation:

Uncertainties are estimated by other
methods, based on experience or other

in Fig. 3.9. The statistical evaluation of results has been
described in detail in Sect. 3.3.

3.4.2 Practical Example: Accuracy Classes
of Measuring Instruments

All measurements of quantity values for single mea-
surands as well as for multiple measurands need to be
performed with appropriate measuring instruments, de-
vices for making measurements, alone or in conjunction
with one or more supplementary devices.

The quality of measuring instruments is often de-
fined through limits of errors as description of the
accuracy.

Accuracy classes are defined [3.17] as classes of
measuring instruments or measuring systems that meet
stated metrological requirements that are intended to
keep measurement errors or instrumental measurement
uncertainties within specified limits under specified op-
erating conditions. An accuracy class is usually denoted
by a number or symbol adopted by convention. Ana-
log measuring instruments are divided conventionally
into accuracy classes of 0.05, 0.1, 0.2, 0.3, 0.5, 1,
1.5, 2, 2.5, 3, and 5. The accuracy classes p repre-
sent the maximum permissible relative measurement
error in %. For example an accuracy class of 1.0 in-
dicates that the limits of error — in both directions —
should not exceed 1% of the full-scale deflection. In
digital instruments, the limit of indication error is +1
of the least significant unit of the digital indication
display.

In measuring instruments with an analog indication,
the measured quantity is determined by the position

In cases where a (max — min) interval is
known, a probability distribution has to be
assumed and the uncertainty can be expressed
as shown by the following examples:

A = (max — min)

* Rectangular distribution:

_A2
V3
* Triangular distribution:
u= A2 Fig. 3.9 Principles of measurement
Vo evaluation and determination of un-

certainty of measurement for a single
measurand x

h'e|ved
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Measurement uncertainty of a single measurand with a single measuring instrument

Example from dimensional metrology

(1) Calibration of measuring instrument (measurand: length)

Calibration diagram of the
measuring instrument

Reference: gage block (traceable to the Si length unit with an optical interferometer)

The strip A is the range of the
maximum permissible measurement

errors of a measuring instrument

I with an accuracy class
12 E Indication 1A P = (A/(2ymax)) - 100 [%].
g é limits : From A or p, the instrument
o g 2 | measurement uncertainty iy, can
Measuring instrument E £ A i be estimated in a type B evaluation.
(2) Measurement 25 y i . Assuming a rectangular distribution

Measurement object,

(Fig. 3.9) it follows that
Uinstr, = (A/Z) \/?, or

Indication

e.g., steel rod

Uinstr, = ((P/IOO) : ymax) /\j?

=

Indication y
i

The relative instrument
measurement uncertainty [%]
éinslr. = uinsu./umax is given by

Oinstr. = p/ \/§

Measurement result:
Quantity value x
+ instrument measurement

Measurement result

Indication

uncertainty uingy.

Fig.3.10 Method for obtaining a measurement result and estimating the instrument measurement uncertainty

of the indicator on the scale. The limits of errors
(percentages) are usually given at the full-scale ampli-
tude (maximum value of measurement range). From
the accuracy class p, also the instrumental measure-
ment uncertainty uinsr can be estimated. In Fig. 3.10,
the method for obtaining a measurement result and
measurement uncertainty for a single measurand with
a single measuring instrument is shown.

As illustrated in Fig.3.10, a measuring instrument
gives as output an indication, which has to be related
to the quantity value of the measurand through a cal-
ibration diagram. A calibration diagram represents the
relation between indications of a measuring instrument
and a set of reference values of the measurand. At
the maximum indication value (maximum measurement
range) ymax the width A of the strip of the calibra-
tion diagram is the range of the maximum permissible
measurement errors.

From the determination of A the accuracy class p
in % follows as

A
=———)-100[%].
P ((Zymax)> %]

Note that, at indicator amplitudes lower than the max-
imum ym,yx, the actual relative maximum permissible
measurement errors p,e for the position y, on the
scale need to be determined as

<}’max>
Pact =P~ .
Yact

For the estimation of the standard measurement uncer-
tainty it can be considered in an uncertainty estimation
of type B that all values in the range between the limits
of indications have the same probability — as long as no
other information is available. This kind of distribution
is called a rectangular distribution (Fig. 3.9). Therefore,
the standard uncertainty is equal to

u _ (A4/2) _ ((p/100) - ymax)
instr \/5 7 .

Example 3.1: What is the measurement uncertainty of
a measurement result obtained by a measurement with
an analog voltmeter (accuracy class 2.0) with a max-
imum amplitude of 380V, when the indicator is at
220V?
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Measurement uncertainty of a measurement system or measurement chain

Fig.3.11 Method for estimating the
measurement system uncertainty

Consider a measurement system, consisting in the simplest case of three components,
namely a sensor (accuracy class ps), an amplifier (accuracy class p,) and a display

(accuracy class Ds)

Quantity to be | Sensor | Electrical | Amplifier | | Display

measured x Ps signal Pa Pp

Output
—
y

The measurement uncertainty of the system can be estimated by applying the law of the

propagation of uncertainties (see Sect. 3.4.3)

222 22 s 22
Usysiem IV = @313 + uFix + udlxd),

where us/xs + ua/xa, up/xp, are the relative instrument
uncertainties of sensor, amplifier and display, which can be
expressed by their accuracy classes as ps/A/3, pa/y/3, pp/y/3.

v (p§ + pA + pp)
V3

It follows that Usystem/ IVl =

v (Ep?)

6chain = uchain/lyl S ——F (l = ln)
V3

For a measurement system of n components in line, the following formula
characterizes the relative uncertainty budget of the measuring chain

Consideration: actual relative maximum permissi-
ble measurement errors for 220V and limits of error
expressed in measurement units (V as scale divisions)
are

380V
P220.rel = 2.0% - 20V 3.5% ;
=380V 2.0% =7.6V (limits of )
Pabs = 100% ~ imits of error
Drel 3.5%
Uinstr,rel = % = \/g =2.0% and
7.6V
Pabs 222 44V,

Uinstr,abs = ﬁ = \/g

It is obvious that the relative standard uncertainties
are smallest at ypax.

Since a rectangular distribution was assumed, it is
not reasonable to apply the coverage factor k, because
this approach assumes a Gaussian distribution. Instead,
the standard uncertainty u;ngr should be stated. It nor-
mally suffices to report the uncertainties to at most two
significant digits — and also to provide information on
how it was determined. Finally, the measurement un-
certainty allows the experimenter to decide whether the
used instrument is appropriate for his/the customer’s
needs.

Answer: The result of the example could be reported
as 220V 4.4 V. The measurement uncertainty of the

instrument is reported as a standard uncertainty (cover-
age factor k = 1) and was obtained by type B evaluation
only considering the instrument accuracy class.

If instead of a single measuring instrument, a meas-
uring system or a measuring chain is used, consisting
in the simplest case of a sensor, an amplifier, and
a display, the accuracy classes of the components of
the measuring system can also be used to estimate
the instrumental system uncertainty, as illustrated in
Fig.3.11.

3.4.3 Multiple Measurement Uncertainty
Components

The method outlined in Figs. 3.9 and 3.10 consid-
ers only one single measurement quantity and only
the sources covered by only one variable. However,
very often uncertainty evaluations have to be related
to functional combinations of measured quantities or
uncertainty components y = f(x1, X2, X3, ..., Xp). In
these cases, for uncorrelated (i. e., independent) values,
the single uncertainties are combined by applying the
law of propagation of uncertainty to give the so-called
combined measurement uncertainty

Ucombined (¥) =

n
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