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Uncertalnty in the Measurement Process ‘
Steve Ellison, NML at LGC Gwldford UK

v v “T 4y \ 3 =3I

) —t y\) yz — at 0
JU 2 2= 0 y:—lz)=

yz — al)ly, = —(xt — yz)l,,

i

UK NATIONAL MEASUREMENT LABORATORY
uuuuuuuuuuuuuuuuuuuuuuuuuuuuu
ccccccccc

Introduction :‘/T;/ﬁNML

* Principles of the ISO Guide to the Expression of Uncertainty
in Measurement

 The introduction of MU in chemical measurement

* The evolution of measurement uncertainty

* Decisions with uncertainty — conformity assessment
* Alook forward
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The GUM - Measurement models and ‘propagation of
uncertainty’

UK NATIONAL MEASUREMENT LABORATORY
sssssssssssssssssssssssssssss
HOSTED AT LGC

Mathematical form of uncertainty .’fﬁ/ﬁNMl_

_ y measurement result
y f ( Ly 22y = n) x;  parameter affecting

analytical result y

Sometimes called a
“measurement model” or
‘measurement equation”
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Uncertainty propagation :.;.;/ﬁNML

MEASUREMENT
HOSTED AT LGC

Measurement result y

| y =[x ...)
Y
xi Input parame:ter X;
: . s2
Uncertainty propagation ,‘.Pp/ﬁNML

Measurement result y
A

-~ Uyy) = gradient x u(xi)

,,,,,,,,,,,,,,,,,,,,,,
Ml()/) sensitivity
coefficient
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Mathematical form of uncertainty ,'.P'E/ﬂNML
y = f(xl X, X ) y measurement result
- ) ) nmny n

X; parameter affecting
analytical result y

u(x;) uncertainty in x;
n 2 u;(y) uncertainty in y due to

ay 2 uncertainty in x;

u(y) = _6 u(x;) dy/dx; Partial differential — a
: Xi gradient
\ ,

T.t. ) The “law of propagation
sensitivity . ”
coefficient of uncertainty

.o_é.\\-rTrZ.;.
Other key features of the GUM ,./7/4‘ IVIL

* Adoption of INC-1 1980 Recommendations

— The uncertainty in the result of a measurement generally consists of several
components which may be grouped into two categories according to the way
in which their numerical value is estimated:

A. those which are evaluated by statistical methods
Type A and Type B are
B. those which are evaluated by other means treated in the same way
— The combined uncertainty should be characterized by the numerical value
obtained by applying the usual method for the combination of variances.

NB: No simple correspondence between categories A or B and ... “random” and
“systematic”
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The first Eurachem guide

Eurachem

A focus for analytical chemistry in Europe

Quantifying Uncertainty
in
Analytical Measurement

9
Development of the first Eurachem SR
gu ide ./ﬁ L
. . Floure 51, he Uncertaingy g
 Begun c. 1992-3 in the new MU working S e
Specification
grOUp Of a young EuraChem gy’ffnﬁ?”fgi"e;rsmemem
and the r, Iazber:'s,mp"{,?ni‘g;‘d
» Initial draft adopted the principles of the Em— A
Sources ;‘:C'hs"wces of uncertan
(then) draft ISO TAG 4 document S Lo o
ion 5.3)
» Closely followed the ‘law of propagation of et e e e o
uncertainty’ [ ey
Convert ¢y e s
« Provided a process it | S,
54.20) fation (Section
* Provided worked examples from analytical c/,, .
. Un‘;’:bin:d Coompi’:znrsv ee" uncertajn,
chemistry R e j"" " e
. . OMponen, Semosns' 5 compéﬂiﬁi’s
» Published in 1995 > U |
the Significans
. . . . YE °°'"ﬂ°noms,,.,d
— with intent to gather experience and review Q‘ o E )
10
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Emerging problems

11

Problems implementing the ISO Guide :%«*Tf/;/- L
approac h ./ﬁ LT L e T

» Difficult to write an equation that includes all influence factors

— what about sample clean-up conditions, recovery of analyte from
matrix, instrument conditions, interferences....

 Challenging to evaluate individual uncertainty components
* Process is too time consuming and unworkable in routine

testing laboratories
— a ‘reasonable estimation’ is required

12
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Comparing u with s

0.8

0.6 r

RSD

1E-05

1E-03

Concentration (w/w)

1E-07 1E-09

| = Standard uncertainty

— RSD(Horwitz)

= Coll. TrialRSD |

Laboratory
uncertainties
using GUM
tended to be
smaller than
reproducibility
SD at lower

concentrations

13

Additional problems

 Uncertainties dependent on level

— No guidance on how to handle ‘top down’ uncertainties expressed as

RSD

» Uncertainties near detection limits

— Should results and uncertainties be reported below LOD?

14
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1995-2012

Developments in MU evaluation

15
7S
C ff lysi < N
o—
ause-and-effect analysis =, INIVII
UK NATIONAL MEASUREMENT LABORATORY
FOR CHEMICAL AND BIO-MEASUREMENT
HOSTED AT LGC
Accred Qual Assur (1998) 3:101-105 P——— .
© Springer-Verlag 1998 GENERAL PAPER
s. L. R. Ellison Estimating measurement uncertainty: Accreditation
V. J. Barwick pe e .
reconciliation using a cause and effect d Qualit
approach and Qualty
Received: 28 October 1997 Abstract A strategy is presented promotes consistent identification
Accepted: 17 November 1997 for applying existing data and plan- of important effects, and permits
Preseuted #t: 204 EURACHEM ning necessary additional experi- effective application of prior data
po f ments for uncertainty estimation. with minimal risk of duplication or
in Chemical Analysis, Berlin, The strategy has two stages: iden-  omission. The results of applying
29-30 September 1997 tifying and structuring the input ef-  the methodology are discussed,
fects, followed by an explicit recon-  with particular reference to the use
ciliation stage to assess the degree  of planned recovery and precision
to which information available studies.
meets the requirement and thus
identify factors requiring further
16
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Cause-and-effect analysis

Abstract A strategy is presented
for applying existing data and plan-
ning necessary additional experi-
ments for uncertainty estimation.

17
- Y
Cause-and-effect analysis :‘5
“Reconciliation” — what have we covered? ./ﬂ ;
Sample .
GC ratig,  weight Recover‘y/
- Wnpree:
Raétg)mple peak %ﬁgﬁ
e £l
RestRr Analytical
V\{Jesight S\t[%rllljjaréj result
/Rﬁatability%\ R{peatability&emperatumx
Calibration Flask . i
IS Concentration — Catbreten X ‘/ Experl ment'
 Puie Recovery for
v l'\?loristt% _ representative
Repeatability Calibratioff matrlceS, |eve|s
IS Volume 7 | t d
Temperaturege / (rep ICate )
Internal Standard @
weight
18
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Top-down evaluation with additional
effects

UK NATIONAL MEASUREMENT LABORATORY
FOR CHEMICAL AND BIO -MEASUREMEN
STED AT LGC

°s

Precision Bias

(|0ng term) Uncertainty

*Good reference
needed
*“Physical” uncertainties

usually negligible Other
«Chemical effects need effects )))

study

19
o2 e
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A simple spreadsheet method o>, {NM|
ONAL MEASUREMENT LABORATORY
FOR CHEMICAL AND BIO-MEASUREMENT
OSTED AT LGC
|Analyst, October 1994, Vol. 119 2161
Tutorial Review K ra g te n y
Calculating Standard Deviations and A na lyS t
Confidence Intervals with a Universally
Applicable Spreadsheet Technique 1 9 94
J. Kragten
Laboratory of Analytical Chemistry, University of Amsterdam, Nieuwe
Achtergracht 166, 1018 WV Amsterdam, The Netherlands
A quick and universally applicable spreadsh hod is ofx, y, ..., the simple rules lead to erroneous results. This will
outlined for the of dard devi: based on be shown with the calculation of the surface of a block: R =
the general formula for error propugaﬁon. 2(lb + bh + hl). Most workers will split R into the parts Ib, bh
aR\2 3R 3R\2 and Al. The rules are applied to these separate parts and the
SR2= (_) 52+ (_) 52+ (_) s24 ... standard deviations of these separate parts are obtained.
ox 3y 9z Eventually the separate parts are summed to obtain R and the
With this method dard devi: d simple error propagation rules are applied again to find sg. At
mlmericnlly without viulaung the conditiun of mutual this point the error is made: commonly the separate parts of R
with a sub 1 time gain and with no risk have some variables in common and hence are mutually
of calculating errors. Satterthwaite’s approximation of the dependent. (Use of the word correlation is restricted to
degrees of freedom is a logical extension of the technique covariance between measured quantities. Terms containing
with which confidence intervals can be easily established. the same variable in a mathematical relationship will be called
Direct insight is obtained about the separate contributions of pendent.) The block-surface R = 2(Ib + bh + hl) is a good
| the different error sources example with the product terms Ib, bh and hl sharing b, h and
20
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Kragten’s method
Spreadsheet implementation

X u
m 100 2 102 100 100 100 100
Vs 100 0.1 1007 100.1 100 100 100
o  0.001 0.001  0.0017 0001 0001  0.001
T 25 1.15 25 25 25 26.15 25 x+u(x)
To 25 25 25 25 25 25
¢ 1 0.020 _1.02 0909001 ____1 100115 1 Recalculation |
Combined 0.02  -0.001 0 0.00115 0 Differenc_es
0.0004 9.98E-07 0 1.32E-06 0 Diff?

uncertainty

Details in QUAM

e

21

P

GUM Supplement 1 (JCGM 101) % NIVIL

— Evaluation of measurement data — Supplement 1 to the “Guide to the
expression of uncertainty in measurement” — Propagation of distributions
using a Monte Carlo method

_—

g.\',(&l)
A\ —ref— J\

9x,(&2) gv(m) lllustrations from
JCGM:101, Figures
E— 2&3

e

22
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' Shifted
8 I—'—‘—{ Censored
3 i I | Tm;\cated
2 ]
5 g E
: |
\i —0}02 -0I01 O‘;JO 0.:)1 0.:]2 0“03 0,|04 0,:]5
75\ Measured value
m‘ ‘\
retain® et s «,;:‘“‘““d “:\N“‘“““ "Z\M\““m“ e ‘;‘:o h\‘“. and R \
i s Yot i i:pe:/-:;;;w e \ DOI:10.1039/b518084h @
ntr e Aoty "‘\‘u“‘\a‘““k" L~\\;\u\‘°“‘ ity ke “‘c?: and e mp\e \
e o i, e o e s |
23
QUAM:2012 - The Third edition
* Included
— Dealing with uncertainties dependent on level
— Clear guidance permitting use of validation data Ey,
— Guidance on cause-and-effect analysis ache,n
— Guidance on numerical methods
— All examples use cause-and-effect analysis and
Kragten calculation
— Use of Monte Carlo Simulation (MCS) a$l7 Neers
o - Qng,, .
— Basic guidance on results and uncertainties near LOD Measwe";)ty,,,
. . . . e,
“The ideal is accordingly to report valid 1
observations and their associated uncertainty ™hird g
7 0,
regardless of the values. !
24

MU WORKSHOP 1109
© 2019 LGC Limited




T2

wTr;

.\\

Dealing with uncertainties
dependent on level

Uncertainty u(x)
18

ONAL MEASUREMENT LABORATORY
CHEMICAL AND BIO-MEASUREMENT
HOSTED AT LGC

16T Uncertainty ]
significantly Uncertainty
greater than approximately

4 equal to x.s;

either so or x.si

127

Uncertainty
approximately
equal to sp

17T - == S5
— — x.s1
u(x)

08T

06T

047

027 -

" . . . ,
0 | 2 3 4 5 6 7 8 @
Result x

25
‘.%er/./.
Additions in 3 edition (2012) -./%iNML
Monte Carlo examples Uncertainties near zero
* Bayesian solution
o e 7 — Max. dens.
§, ‘ ---- Classical
£ 2410 © -
“MM“M. %
0.1018 0.102 CN,DH(m;‘ '§ < - i
- 5 i g- (4/"
% g \‘_/, L
0.1018 (V\OZCNl (m;E::; 01024 P I I I
2 0 2 4
Measured value (X/u) @
26
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Conformity decisions and
measurement uncertainty

27
Basic use of limits ./"?%\*%ML
/ﬁ uuuuuuuuuuuuuuuuuuuuuuuuuuu
Need additional
o information to deal
Upper with case (iii)
)
control S
limit o
x x 2 v Vv
(i) (i) (iii ) (iv) (v)
Result Result Result Result Result
above limit above limit at limit below limit below limit
28
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Upper

Basic guidance

Need additional
information to deal
with cases (ii) - (iv)

00—

control 1 T
limit %
x ) ° ° /
(1) (ii) (i) (iv) (v)
Result Result Result Result Result
above limit above limit at limit below limit below limit
but within and within but within
uncertainty uncertainty uncertainty
29

30
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Consistent
decisions
need rules

*ZyNIVIL
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ISO/IEC 17025:2017 =, INIVIL

* Decision rule:

“rule that describes how measurement uncertainty is
accounted for when stating conformity with a specified
requirement’

« §7.1.3: “When the customer requests a statement of
conformity...the decision rule shall be clearly defined.”

31

UK NATIONAL MEASUREMENT LABORATORY
FOR CHEMICAL AND BIO-MEASUREMENT
HOSTED AT LGC

Example of a decision rule .'.P'E/ﬁNMI_

* A result equal to or above the upper limit implies non-
compliance
—result below the limit implies compliance

“Simple acceptance”

Upper Specification
Limit

Specification zone

A
v

Acceptance zone Rejection zone

Also called
“shared risk”

32
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Decision rules can
control probabilities of
false decisions

. . SR
Probability of compliance o?/ﬁNML
UPPER LIMIT
I
Compliance
probability I
I
I
I
I
I
I
I
I
— | =
Observed value @

34
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Probability of compliance

UPPER LIMIT

wT,g,
}

o2
F

| A “Guard
Compliance | band”
probability I D
95% i
'7////////
I////////
I;// _
Observed value @
35
How does a Guard Band ;%«*Tf/»;-

simplify interpretation?

Guard band based on

/_\,, at limit
|
control I 1 i
imit % ~~~~~~~
(1) (ii) (i) (iv) (v)
Result Result Result Result Result
above limit above limit at limit below limit below limit
but within and within but within
uncertainty uncertainty uncertainty

.*S

expanded uncertainty

- Guard band
Stringent
acceptance

Acceptance
- zone

UK NATIONAL MEASUREMENT LABORATORY
FOR CHEMICAL AND BIO-MEASUREMENT
HOSTED AT LGC

e

36
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How does a Guard Band
simplify interpretation?

Upper
o)
CI)OI’.’I’[I’O| ® Guard band
limit Yo S m Stringent
x x x x / acceptance
Ou(t;i)de Oétgiée Olgtigige OL(Jti;/iC)Ie In(s\i/d)e Acceptance
Acceptance Acceptance Acceptance  Acceptance Acceptance - zone
zone zone zone zone zone
Simple conclusions based
on measured value @
37
. . . oé«\'rﬁ'g.;.
Detailed guidance on conformity o=, NIVIL
assessment

 Published as supplementary to QUAM

« Introduced ‘new’ ideas %Q, i

— Decision rules
— Guard bands

Lower limit Upper limit

Specification zone

Rejection zone Acceptance zone Rejection zone

— Decisions under relative uncertainty

7
— Producer and Consumer Risk @

38
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2013 — 2025: Evolution continues

39

The Uncertainty Factor

* Introduced in the Eurachem guide on
Uncertainty from Sampling (2" Edition)

» Gives an asymmetric interval

« Useful for large relative uncertainty with
approximately lognormally distributed
uncertainty

Accred Qual Assur (2015) 20:153-155
DOI 10.1007/s00769-015-1115-6

40
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Bayes applied to Measurement ;_é«\*"'fé-

Uncertainty OZJANML

UK NATIONAL MEASUREMENT LABORATORY
FOR CHEMICAL AND BIO-MEASUREMENT
nnnnnnnnnnn

41
MCMC example 2: o 3T2 o
b - =2, NIVIL
Constant RSD - SD proportlonal to H ./ﬁ“s;;sx;,:,zicmf:f:;;::&::;i::
Example data
[ [ [ [
05 0.0 05 1.0 15
Observed value
» Concentration: not below zero
« Common observation: standard deviation
proportional to true value @
42
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MCMC results:

i) Fixed standard deviation

ii) Proportional standard deviation

v
o

<
o

©
<

Density

1.0

0.5

0.0
|

A

e

nnnnnnnnnnnnnnnnn

aaaaaaaaaaaa

0.0 05 1.0
e ee 1 L] e e
—s X

iq] T ]
I : I
| I I
~ i I o
I I
e oo u
o - I |
I
%‘ [ I I
S | I |
o N I I
I I
[ |
[ I
= I I
[ |
[ I
|
© 1 f 1
T T T ; T T T
15 -0.5 0.0 1 0.5 1.0 15
e Ll e o ee 1 L) e e
— X
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Asymmetry — What does it mean for ST

conformity assessment? f/ﬁNML

uuuuuuuuuuuuuuuuuuuuuuuuuuuuu
vvvvvvvvv

» Real processes can have different distributions

5 £ =7
= T T T T S - T T T T T T T T
05 0.0 0.5 1.0 15 2.0 2.5 00 05 10 15 20 25 30 35
* Does this affect conformity assessment using MU? @
45
Asymmetry — What does it mean for .‘é«\"”’ﬁML
- 7
conformlty assessment? ./ﬁ“s;;'s:;;;:si:i“;:f:.z*a;:ss::;z::
Producer risks
Skewed t(4) N
Normal I
0 002 004 006 0,08 0,1
mlow.false.reject mhigh.false.reject
Consumer risks
Skewed {(4) IS
Normal I
0 0,00020,00040,00060,0008 0,001 0,00120,0014
mlow.false.accept mhigh.false.accept @
46
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Linearity — How linear is ‘linear
enough’?

Measurement result y

sssssssssssssssssssssssssssss
HOSTED AT LGC

=

L‘J Input parameter x;

47

The Future

48
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Further MU guidance from Eurachem

* New guidance on MU from validation data
— QUAM gives general guidance
— New guide gives a detailed procedure

* Future guidance in QUAM
— Uncertainty factors
— Asymmetry — cautionary guidance
— Non-linearity — cautionary guidance
— Bayesian methods ??

UK NATIONAL MEASUREMENT LABORATORY
FOR CHEMICAL AND BIO-MEASUREMENT
HOSTED AT LGC
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Conclusion

Measurement Uncertainty
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... But work still to do
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