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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedy

described i
different ty
editorial ru

Attention is
patent right
any patent 1
on the ISO li

Any trade n
constitute a

For an expl
expressions
World Trad

.org/iso/for

the ISO/IEC Directives, Part 1. In particular,
bes of ISO documents should be noted. This document was drafted in accordance\wit
es of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

drawn to the possibility that some of the elements of this document may be the subjg

ect of

s. ISO shall not be held responsible for identifying any or all such paténtrights. Detafils of

ights identified during the development of the document will be in the)Introduction ar
st of patent declarations received (see www.iso.org/patents).

hme used in this document is information given for the conyvenience of users and doe
h endorsement.

anation of the voluntary nature of standards, the ineaning of ISO specific terms
related to conformity assessment, as well as information about ISO's adherence t
e Organization (WTO) principles in the Technical’Barriers to Trade (TBT) see wwj
bword.html.

This docum
and radiolog

Any feedbad
complete lis

ent was prepared by Technical CommitteeISO/TC 85, Nuclear energy, nuclear technol
ical protection, Subcommittee SC 5, Nuclear installations, processes and technologies.

k or questions on this document sheuld be directed to the user’s national standards bo
ting of these bodies can be found atwww.iso.org/members.html.

1d /or

S not

and
b the
W.iso

hgies,

dy. A

© ISO 2018 - All rights reserved


https://www.iso.org/directives-and-policies.html
https://www.iso.org/iso-standards-and-patents.html
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/members.html
https://standardsiso.com/api/?name=0f714a21408af950205c96340da85533

INTERNATIONAL STANDARD ISO 18315:2018(E)

Nuclear energy — Guidance to the evaluation of
measurement uncertainties of impurity in uranium
solution by linear regression analysis

1 Scope

This|document provides a method for evaluation of the measurement uncertainty arisi
impyrity content of uranium solution is determined by a regression line that has been f
“method of least squares”. It is intended to be used by chemical analyzers.

Simple linear regression, hereinafter called “basic regression”, is defined as)a*model w
independent variable that is applied to fit a regression line through n differentdata points (3
n) in|such a way that makes the sum of squared errors, i.e. the squared vextical distances
data|points and the fitted line, as small as possible. For the linear calibration, “classical
or “ihverse regression” is usually used; however, they are not convenient. Instead, “revel
regression” is used in this document(Z2],

Reversed inverse regression treats y (the reference solutionis)vas the response and x (t

ng when an
itted by the

ith a single
by (= 1,..,
between the
regression”
'sed inverse

he observed

meagurements) as the inputs; these values are used to fit @wrégression line of y on x by the method of

least| squares. This regression is distinguished from basie’regression in that the x;’s (i =
according to normal distributions but the y;’s (i = 1,...,#{are fixed; in basic regression, the
the x}’s are fixed.

The regression line fitting, calculation of combihed uncertainty, calculation of effective
freedom, calculation of expanded uncertainty, reflection of reference solutions’ uncerta
evalyation result, and bias correction areexplained in order of mention. Annex A present
exanpple of uncertainty evaluation. Andex B provides a flowchart showing the steps for

1,.., n) vary
yi's vary but

degrees of
nties in the
5 a practical
uncertainty

evalyation. In addition, Annex C ekplains the use of weighting factors for handling mon-uniform

varignces in reversed inverse regression.

NOTE1 In the case of classical regression, the fitted regression line is inverted prior to a
measurementl3l. In the case of inverse regression, the roles of x and y are not consistent with the co
the vhariable x represents the inputs, whereas the variable y represents the response. For these rea
regressions are excluded\frem this document.

NOTHE 2  The term “veversed inverse regression” was suggested taking into account the history
analyfsis theory. Instead, it can be desirable to use some other term, e.g. “pseudo-basic regression”.

2 Normative references

ctual sample
hvention that
sons, the two

of regression

H £ - o |
The[ dl T 11U 11Ul llldthC ITITICTIILTS 111 tlllb UULulllCllt.

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at http://www.electropedia.org/

© ISO 2018 - All rights reserved
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3.1
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:2018(E)

fitting of a regression line of y on x through n data points using the method of least squares

Note 1 to entry: The n data points are typically obtained by measuring n different reference solutions. After the
fitting, the fitted regression line is used as a measurement formula for determining the physical or chemical
quantity of a sample.

3.2
calibration

quality control factor

factor that is used to check the adequacy of the fitted regression line from the aspect of calibration quality

3.3
calibration
uncertainty
fitting is ref
each time

Note 1 to ent
the fitted reg

3.4

combined y
uncertainty
sample meas

3.5
effective dg
degrees of f

3.6

expanded y
multiplicati
degrees of fi

Note 1 to ent
expanded un|
most cases, “

3.7
predicted )
yvalue of a}

Note 1 to ent
chemical qud
instrument. ]
uncertainty i

uncertainty

due to such possible variations of the slope and intercept supposing that the regnessiof line

eated according to the same procedure using a “new set of n different referénce solut

ry: In this case, the fitted regression line will be different each time, i.e. the slope and interc
ression line will vary.

ncertainty
obtained by combining the calibration uncertainty (3.3)\and the random uncertain
urement (3.9) according to the error propagation rule

grees of freedom
reedom calculated by Welch-Satterthwaite approximate formula

ncertainty
bn of the combined uncertainty uy, byta coverage factor k given depending on the effe]
reedom of the combined uncertainty(3.4)

'y: The probability that the truéwalue of the physical or chemical quantity will be within + the
certainty” from the determined and bias-corrected value is “exactly” or “approximately” 95
hpproximately” is more suitable expression.

value
boint on the fitted regression line

ry: The predicted y value given by the regression line formula y = a + bx indicates the physi
ntity that'will be determined in response to the light or current signal intensity “x” measur
'he square root of the estimate for the variance of the predicted y value is treated as the caliby

h this document.

jons”

bpt of

ty of

ctive

‘final
%; in

tal or
ed by
ation

3.8

prediction interval
possible vertical distance between the additional data point and the previously fitted regression line
after a regression line has been fitted using a set of n data points

Note 1 to entry: Another data point is additionally produced by measuring “a new reference solution”.
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random uncertainty of sample measurement
<ICP-AES> possible uncertainty that may arise during such a sample measurement supposing that the
intensity of the light with a specific wavelength emitted from a sample is measured to determine the
sample’s impurity content following the regression line fitting

Note 1 to entry: This uncertainty is typically estimated based on multiple measurements of the sample and
should not be inferred from the mean squared error.

3.10

uncertainty

conc

+h

t is handled

main

3.11
weig
num

Note
regre
unifo

Note
0x12
regre
(i=1

4 1

In pi
the 1
the 5
obse
poss
ther
althd
of th
fittin
is trd

Two
the f
rand

nt corrasnandina taotha cauqyr
T eSporraT g~ T tIT

Fpe°t©o TIre—oer

ly in statistics

“varianca (or actimata for that yarianca)”
Ve ee1 e eStH b te e —tndte—vaHahee;

hting factors
bers by which the variances are multiplied in weighted least squares (WLShregressior

1 to entry: OLS (ordinary least squares) regression handles the uniform variances. How
ssion, the variances are assumed to be non-uniform and the weighting facters are used to ha
rm variances.

2 to entry: Let 0x12,..., oxn? be the variances of the variables x1,..5&, respectively. Then, in OL
= = oxn? (= 0x2), whereas, in WLS regression, typically o122 % ox,2. However, even in thd
ssion, the equality w1ox12 = * = wyoxn? (= 0x2) can be established by utilizing the weightin
vy ).

Principle

actice, a single regression line fitting will>be run for calibration. Nevertheless, suy
egression line fitting is repeated using_a “new set of n different reference solutions
lope and intercept of the fitted regression line will be different each time; as a rest

|

ever, in WLS
ndle the non-

S regression,
case of WLS
b factors w;’s

posing that
" each time,
It, it can be
tion. Such a

rved that the predicted y value yaries according to an approximately normal distriby
ble variation of the predicted y value is the cause of the calibration uncertainty that a

ated as the calibration uncertainty, and its degrees of freedom is n - 2.

degr
iso

1

ises during

pgression line fitting. In this tegard, there is a helpful statistical theory. With the aid of/ that theory,
ugh calibration experts doynot repeat the regression line fitting, they can estimate the variance
e predicted y value usifigionly one set of n data points that have been used for a regression line
g. In practical calibrations, the square root of such an estimated variance of the predijcted y value

components,Contribute to the uncertainty of the physical or chemical quantity determined by
tted regression line. One is the calibration uncertainty previously mentioned and the|other is the
pm uncettainty of sample measurement. The two uncertainties are combined and then the effective
bes of freedom of the combined uncertainty is calculated. The effective degrees of fieedom, Veft,
aired by substituting the degrees of freedom of the calibration uncertainty and the degrees of

freedom of the random uncertainty together into Welch-Satterthwaite approximate formulfa.

As the next step, the expanded uncertainty is obtained by multiplying the combined uncertainty uy,
by a coverage factor k that is given depending on the effective degrees of freedom of the combined
uncertainty.

© ISO 2018 - All rights reserved
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Finally, the uncertainties of the reference solutions that have been used for the fitting of the regression
line are reflected in the uncertainty evaluation.

NOTE1 The “new set of n different reference solutions” means newly manufactured and prepared n different
reference solutions, however, their intended physical or chemical quantities (e.g. target chemical concentrations)
and confidence levels are identical to those of the “previous set of n different reference solutions”. Only in this
case, the variances of the x;’s (i.e. 0x12,..., 0xn2) can be observed correctly. In many cases, it is not possible to use a
new set of reference solutions (or standards) for calibration each time; that is, the same set of n different reference
solutions (or standards) can be used each time. However, it does not cause a problem in the regression line fitting
and calibration uncertainty evaluation. Here, the supposition of the repetition of regression line fitting is only to
explain the concept of the calibration uncertainty.

NOTE2 In
however, inr

basic regression, the slope, intercept and predicted y value follow exactly normal distribufions;

bversed inverse regression, they follow approximately normal distributions(2].
NOTE 3 Tle square root of the estimated variance of the “predicted y value”, not “prediction intervpl”, is
treated as th¢ calibration uncertainty.

5 Uncertainty evaluation

5.1 Regression line fitting

As the first
of the obse
of interest.

regression line formula y = a + bx, the independent variable x represents the light or current s

intensity to
chemical qu

Ktep, a regression line is fitted by OLS regression; basically, in this document, the var
'ved x value is assumed to be uniform (or roughly uniform) over the calibration 1
For the regression line fitting, n data points, i.e. (x¢s)i1),-.., (Xn, Vn), are used. In the f

be measured by instrument and the dependént variable y represents the physic
antity, such as impurity content or chemical cancentration, to be determined in respon

ance
ange
itted
ignal
al or
se to

the measurdd signal intensity x.

y=a+b|x
a=y -|bx =Yyi/n-byxi/n
b= Syy/9ex = X(xi =X )(Vi- ¥ )/ L2 X )2
MSE =Y|yi-a-bxj)2/(n-2)
Estimator for the vatiance of predicted y value = {1/n + (x = x )2(Sy,/Sxy?)} - MSE[2]
Estimator for théwariance of prediction interval = {1 + 1/n + (x; = X )2(S)/Sx)2)} - MSEI2]
where

a and b are the intercept and slope of the fitted regression line respectively;

> denotes summation fromi=1 to n;
MSE  denotes the mean squared error;
x =Yxi/n;

y =Xyi/n;

© ISO 2018 - All rights reserved
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Sxx = 2(xi _)_()2;
Syy =2i- .)_’ )ZF

Sxy = 2 -x)i- y).

NOTE 1

At times, it is assumed that the variance of the observed x value is unduly non-uniform over the

calibration range. A weighting method to handle the non-uniform variances in reversed inverse regression is
explained in Annex C.

NOTE 2

Sxx)}'
the t

magn

5.2
The

COIT¢
and {

Allo
by 1

to b
instn

calib

NOTH

meas

calibj

NOT]H
deten

1,05,

NOTH
esting
betw|

instr
will H

5.3
Aftel

In basic regression, the estimator for the variance of the predicted y value is {1/n +

(x - x)2 (1/

VISE, and the estimator for the variance of the prediction interval is {1 + 1/n + (x; — x )2(1/Sxg)}
wo estimators for basic regression are different from those for reversed inverse regresj
itudes of the differences depend on the correlation coefficient between x and y, i.e. r(x,g7)\= Sxy

Adequacy check of fitted regression line

itted regression line is checked to identify its adequacy. For this purpose, the predid
e sponding to the x; values (i = 1,..., n) are calculated and then the differences between tH
he “predicted y values” are checked.

Ayl = |yi-(@+bx)|, (=1,..n)

Fthese differences shall be smaller than the square rootof the mean squared error (MSH
2, i.e. (1,2)(MSE)1/2. If any|Ay,-|is greater than thjs limit, the fitted regression line is
inadequate for further use as a measurement.formula. In this case, the reference s
ument need to be investigated and a new regression line fitting is performed. If n¢
ration range is readjusted and/or new refexénce solutions are prepared.

1  This check is to identify whetherthére have been any serious errors during refer
urements and whether the measured ydalues imply any possibility of unduly non-uniform vg
ation range.

2 In (1,2)(MSE)1/2, the value “1,2” can be regarded as a calibration quality control factor.
mined in line with the required:ecalibration quality level and can be smaller than 1,2 or greater
1,1 or 1,25 can be selected-as-the factor.

3
ated coefficient méets a limit that was established in advance, it can be said that the linear
ben the physicakhor chemical quantity and the measured signal intensity is being main{
iment to the extent required. In general, the more precise the instrument is, the closer to 1 t
e.

Combined uncertainty

MSE4]. Thus,
ion, and the
(SxxSyy)1/2.

ted y values
e “yivalues”

) multiplied
considered
blutions and
cessary, the

bnce solution
riance in the

This factor is
For example,

The correlation-coefficient between x and y, i.e. r(x, y) { = Sxy/(SxxSyy)1/2}, can also be estimated. If this

relationship
ained in the
he coefficient

ermined by

substituting the measured light or current intensity x into the regression line formula y = a + bx.
To evaluate the uncertainty of the physical or chemical quantity thus determined, the calibration
uncertainty occurred during regression line fitting and the random uncertainty of sample measurement
are first combined as follows.
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2018 - All rights reserved
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Uyz = Ucal? + Uran?

tear2 = {1/ + (x = X 2(Sy/Siy2)}- MSE

Uranz = bZuy?2

suy? ={1/n+ (x - X )2(Syy/Sxy?)}*MSE + bZu,? 6))
where

uy i the combined uncertainty;

Ucal 19 the calibration uncertainty occurred during the regression line fitting;

uy  igthe uncertainty of the measured light or current signal intensity;

Uran 19the random uncertainty of sample measurement (upan = buy);

MSE i§the mean squared error;

X i the mean of x; values (x =Yx;/n, i =1,..,, n);

X id the light or current signal intensity.
NOTE The random uncertainty of the sample measurement, i.e{iran (= buy), is typically obtained by repdating
the sample measurement m times according to the same procedure. If the standard deviation of the m meagured
signal intensjties is Sy, uy is Sx/(m)1/2 and the degrees of freedom of uy is m - 1. If only one sample is takep and
the sample i§ measured only once, Type B evaluation of uncertainty can be applied[l]. This random uncertainty
of sample mdasurement should not be inferred from thé mean squared error, because the mean squared |error
involves all the statistical fluctuations arising when mianufacturing and preparing the reference solutions.
5.4 Effective degrees of freedom
The effectiye degrees of freedom of)the combined uncertainty, Vef, is calculated using Welch-
Satterthwaile approximate formulall).

(1/Veff)ly4 = (1/Veal)ucal* +%6b/Vy) (bux)*

o Veff= Ly4/{(1/vcal) ucal* + (1/Vy)(bux)*} (2)

where

Vetr is the effective degrees of freedom of the combined uncertaintyu,; |

Vecal is the degrees of freedom of the calibration uncertainty uca) (Veal = n - 2);

Vx isthe degrees of freedom of the measured signal intensity’s uncertainty uy (Vx=m - 1) (Vxis
equal to the degrees of freedom of buy.).

For reference, the maximum of the possible effective degrees of freedom is (n - 2) + (m - 1), and the
minimum is whichever is the smaller of n - 2 and m - 1.

© ISO 2018 - All rights reserved
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5.5 Expanded uncertainty

The expanded uncertainty is calculated based on the characteristics of t-distribution. It is obtained by
multiplying the combined uncertainty uy, by a coverage factor k that is given depending on the effective
degrees of freedom of the combined uncertainty.

Uy =k- uy [3)
where

U,_isthe pypnndpd uncertainty of the phycir‘n] aor chemical gquantity determined hy the regres-

J . .
sion line;

k  isthe coverage factor given depending on the effective degrees of freedom ébtained using

Formula (2);
Yy isthe combined uncertainty obtained using Formula (1).

6 Reflection of reference solution uncertainties in evaluation

If the expanded uncertainties of the n different reference solutions used for the regression line fitting
are yi,..., up, {(u12 + -+ + up2) /n}1/2 should be combined with Ugobtained using Formula (3).

~

[y, final = (Uyz +u2)1/2,

wherte

Uy final is the final expanded uncertainty;

! is {(u12 + - + uy2)/n}l/2.

7 Bias correction

Therf exists a bias in predictedy value in linear calibrations except when n is 3. Typically, Juch a bias is
veryl|small and can be neglectéd. However, in case that MSE is large, it is recommended that|the physical
or chemical quantity determined by the regression line formula be bias-corrected as followfs. (This bias
correction leads closer-to the true value.)

Bias-corrected'value = {a + bx} - {-(n - 3)(x - x )(1/Sxy)-MSE}

wherte

{a+bx} is the value determined by the regression line formula;

{~(n - 3)(x - X)(1/Sxy)-MSE) is the bias in predicted y value for reversed inverse regression[2].
At approximately 95 % confidence level, the true value of the physical or chemical quantity will be

within + Uy,fina] from this bias-corrected value.

8 Uncertainty evaluation report
The report shall include at least the following information:

a) the identification of the certified reference solution, e.g. lot number of CRM and name of
manufacturer;

© ISO 2018 - All rights reserved 7
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b) the reference of the method used;
c) the calibration results and their units;
d) any unusual features noted during calibration and evaluation;

e) any operations not included in this document.

8 © ISO 2018 - All rights reserved
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Practical example of uncertainty evaluation

A.1 Measurements of reference solutions and sample solution

For the purpose of calibration based on OLS regression, Fe line intensities of five different reference

solutfions were measured by ICP-AES. After the regression line fitting, the Fe line intensity
solutlion was repeatedly measured five times to determine the Fe content contained.irf it. T
Feli

Al

e intensities of the reference solutions and the sample solution are given in Tables A.1
nd A.2, )’ denotes summation fromi=1to 5.).

Table A.1 — Fe line intensity-versus-concentration of Fereference solution

of a sample
le measured
and A.2. (In

Fe line intensities of reference solutions

Reference sol. 1

Reference sol. 2

Reference sol. 3

Reference sol. 4

Refer¢nce sol. 5

Infended 10 mg/1 Intended 20 mg/1 Intended 30 mg/! Intended 40 mg/1 Intendgd 50 mg/1
1) (v2) (r3) (v4) ys)
3490 (x1) 7077 (x2) 10 370 (x5) 13905 (x4) 17 250 (xs)

Fe line intensity (in generic units), y: Fe concentration (mgy/1)

F =Yx;/5=10418,4 y =Yy;/5=30

=Y (xi- x)2=117997161,2- Sy, =% (yi- ¥ )= 1000 - Sy, =¥ (xi - x )(yi— y ) =343 480
%, ¥) = Sxy/(Sxx Syy)1/2= 0,999 9

LA X

<

Table A.2 — Fe line intensity of a sample solution (in generic units)

1st

measurement | 2nd measgréement | 3rd measurement 4th measurement

5th megsurement

8077 (x1) 8 082.(x2) 8 038 (x3) 7 995 (x4')

7 89

7 (x5')

:S= {Z(Xi" Xmean’)z/(S - 1)}1
LUy = S/(5)1/2 = 76,070/(5)1/2
4 (=5-1)

Mean (Xmean’) =8 0178 — Standard deviation
— Uncertainty of Xmean’

— Degrees of freedom of uy

2=176,070
=34,020

A2

Regression line fitting and uncertainty evaluation

(i) Based on the measurement values in Table A.1, a regression line is fitted and then the mpan squared
error is calculated.

© ISO 2018 - All rights reserved
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y=a+bx
b = SXy/SXX = Z(XI - )?)(yl - }_/)/Z(XI - )?)2 = 0,002 911
a= 7y -bx =Yy)/5 - bYxi/5 = 30 - (0,002 911) x (10 418,4) = ~0,328

~y=-0,328 +0,002 911x (A1)

MSE =Y (y;i—a-bx))2/(5-2)=0,053 {Degrees of freedom: 3 (= n - 2)}

(ii) As the n
calculated a

s follows.

ext step, the differences between the y; values and the predicted y values (i =\1).., 1

Table A.3 — Difference between y; value and predicted y valué

) are

yivalue (A) 10 mg/1 (y1) | 20 mg/1(y2) | 30 mg/1(y3) | 40 mg/l{ys) | 50 mg/l (lys)
Predicted y|value (a + bx;)(B) | 9,831 mg/I 20,273 mg/1 | 29,859 mg/l | 40,149 mg/] 49,887 mp/1
Difference (A - B) 0,169 mg/1 -0,273 mg/1 0,141 mg/1 -0,149 mg/1 0,113 mg/1
In Table A.3|all of the differences are within + 1,2MSE1/2 (= + 1,2 x 00531/2 = + 0,276). Accordingly, the

fitted regregsion line meets the required calibration quality and isiaccepted as a measurement formula.

(iii) The Fe ¢ontent of the sample solution mentioned in A.1 is@etermined by substituting the xmean’ in
Table A.2 info Formula (A1).

Fe content of sample solution (not bias-corrected)\'=-0,328 + 0,002 911 x 8 017,8
= 23,012 (mg/1)

(iv) The caljbration and combined uncertainties are calculated as follows.

Ucal? = {1/n + (Xmean’ - )?)Z(Syy/sxyz)}'MSE
={1/5+ (8 017,8 - 10 418,4)2(1 000)/(343 480)2}(0,053)
=(,013

~ Uca] = 0,114 (mg/P/(€alibration uncertainty occurred during regression line fitting)

Uran = bty = 0,002 911 x 34,020

. o-Doo-L /1N (D) A b b £ 1 Y
[ uran = U, U777 (Ullg/1) [ RAIIUUIIT UIICTT LdIIIlLy Ul SAIITPIT IIICdSUT CIIICIIL)

[The degrees of freedom of buy is the same as the degrees of freedom of uy.]

uy? = {1/n + (Xmean'— X )2(Syy/Sxy?)}"MSE + b2u?2
= Ucal2 + Uran?
=0,1142 + 0,0992 = 0,022 797

=~ Uy = 0,151 (mg/1) (Combined uncertainty)
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(v) The effective degrees of freedom of the combined uncertainty, Ve, is calculated as follows.

Vesf = Uy4/{(1/Vcal)(ucal)4 + (1/V) (bux)*}

= (0,151)4/{(1/3)(0,114)4 + (1/4)(0,099)4}

=~ Vefr = 6,473 (approximately 6) (Effective degrees of freedom of combined uncertainty)

In the previous calculation process, the degrees of freedom of ucy), i.e. Veal, was 3 (= n - 2) and the
degrees of freedom of buy, i.e. Vy, was 4 (=m - 1).

(vi) ]
facto
only
Ther
beloy
trun

whel
t-dis
(vii)

been
100

the (
soluf]

U

ol

The {

(viii]

23,0

3)(8.01%48 - 10 418,4)(1/343 480)(0,053) = 0,001 (mg/1). Therefore, the bias-corrected

he expanded uncertainty is obtained by multiplying the combined uncertainty uyby
r k given depending on the effective degrees of freedom of the combined uncertainty
the coverage factors for natural number degrees of freedom are available from statis
efore, after the effective degrees of freedom has been truncated to the naturahnumbe
v it by dropping all decimal places without rounding, the coverage factor,correspor
cated number of degrees of freedom is used for calculation of the expanded uncertaint

= 2,447 x 0,151 = 0,369 (mg/1) (Expanded uncertainty)
e k (= 2,447) is the coverage factor needed to calculatg‘the expanded uncertainty

[ribution with 6 degrees of freedom.

prepared by properly diluting a certified reference material (CRM) with a Fe cong
D mg/] and an uncertainty of 0,3 % relative{20). This means that the expanded un
RM is approximately 0,3 % relative. Therefore, the expanded uncertainties for the fi
ions can be expressed as follows.

1=0,03 mg/l, uz = 0,06 mg/l, u3 =.0;,09 mg/l, us = 0,12 mg/I1, us = 0,15 mg/1
= {(u12 + -- + us2)/5}1/2 = 0,899 (mg/1)

inal expanded uncertainty Uy final is obtained by combining Uy and u.
Jy;final = (Uyz + u2)1/2

={0,3692 + 0,0992}1/2 = 0,382 (mg/1) (Final expanded uncertainty)
In this prdctical calibration example, the bias in predicted y value is {~(n - 3)(x - x )(1/S

| 1-mg/1 (= 23,012 mg/1 - 0,001 mg/1). Finally, the Fe content of the sample solution

y a coverage
In practice,
tical tables.
 placed just
ding to this
y.

based on a

The five reference solutions that were used for the regression line fitting are the onpes that had

entration of
certainty of
e reference

bxy) MSE} = -
Fe content is
and its final

expatnd

ded uncortaintu taagoathor ara avnroaccad ¢ fallawe
S ettty t O s S e - A P eSS e S ToH OV S

<

Fe content of sample solution = 23,011 mg/1 + 0,382 mg/1

At approximately 95 % confidence level, the true value of the Fe content will be within * 0,382 mg/1

from

A3

the bias-corrected content 23,011 mg/1.

Calibration uncertainty depending on variable x

The magnitudes of calibration uncertainties depend on the variable x. The representative calibration
uncertainties corresponding to the x;’s (i = 1,..., 5) are given in Table A.4.

© ISO

2018 - All rights reserved
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Table A.4 — Calibration uncertainty budget

xjvalue 3490 (x1) 7 077 (x2) 10 370 (x3) 13905 (x4) 17 250 (xs)
Calibration uncertainty 0,179 mg/1 0,125 mg/1 0,103 mg/1 0,127 mg/1 0,178 mg/1

Table A.4 shows that the centre of the calibration range has the minimum calibration uncertainty,
whereas both the upper and lower ends have the maximum. As the x value deviates from x, the

calibration uncertainty increases. The calibration uncertainty has a symmetry centred at x = x
(=10 418,4).
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Annex B
(informative)

Flowchart of uncertainty evaluation process

(1) Determination of calibration range and preparation of reference solutions

n : 1:1 : 1 1 £ 1cc £
— DUCLCTHIIIC 4 LAIDIdUUITN T dIIgC dIIU PIOPCElly plecpdlic d SCU UL UIICTTIIUTEICT t|ce

solutions taking into account the possible range of sample’s physical or chemi
quantity to be measured.

— When determining the calibration range, consideration should be‘given sy
that the variance of the observed x value is uniform within the,range as far
possible.

cal

ich
as

(2) Measurement of reference solutions

— The number of measurement repetitions per reference’solution depends on {
required calibration quality level. Only one measudrement per reference solut
is also allowed. In the case of repeated measurements, the mean values are ug
for fitting.

* The variable y represents the physical or chemical quantity of the reference sol
tion, such as chemical concentration or impurity content, and the variable x repre
sents the measured signal intensity:.

he
on
ed

(3) Regression line fitting

— Fit a regression line of y.on;X through the n data points that were obtained| in
Step (2);y =a+ bx.

— Calculate the mean.sgquared error: MSE = ¥'(y;i-a - b xj)2/(n - 2).

(4) Adequacy cheek of fitted regression line

— Calculate.'the differences between y;’s and predicted y Values:|y,- - (a + bxp)|,
(i=1,,-1).

— Check whether all of the differences are within + (1,2) x (MSE)1/2 and if so, the
fitted regression line is accepted as a measurement formula.

<~ But if one or more of them deviate from this limit, return back to Step (1).

* The value“1,2” is a calibration quality control factor and the factor does not ne¢

essarily have to be 1,2. Other value than 1,2 (e.g. 1,05, 1,1 or 1,25) can be selected as

the factor.

© ISO 2018 - All rights reserved
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(5) Measurement of sample

— Repeatedly measure a prepared sample m times. However, m different samples
that were individually taken from the same source material may be measured
once per sample. (It should be noted that the meanings of these two cases are
different from each other. The latter includes even sampling uncertainty.)

— Calculate the mean of the m measured values, i.e. Xmean, and determine the
physical or chemical quantity by substituting xmean’into y = a + bx.

— Calculate the standard deviation of the m measured values, i.e. Sy.

* Eaonlbronaesampledictalkan and tha cayanla 1o
-ohry-ohHe-Saipre St hahattne-Sapre S eaStreaor HEE;

tio.t of uncertainty may be available for evaluation of the random uncertainty of the
sample measurement.

aacurad only oneca Tourna B agyalio
Yy Ty pe-oevarta

(6] Calculation of combined uncertainty (uy)

- Uy = [{1/n + (Xmean' - ;)Z(Syy/Sxyz)}'MSE + bquZ]l/z, Uy = Sx/(m)l/z

(7) Calculation of effective degrees of freedom (Vef)
—| Veff= (Uy)4/{(1/Vcal)(ucal)4 + (1/V)(bux)4}, Veal=n -2, Vy=m-1.

(8] Calculation of expanded uncertainty (Uy)

—| After truncating the effective degrees of freedom: Vefr to the natural number
placed just below it by dropping all decimal places without rounding, select a
coverage factor k corresponding to this truncatéd number of degrees of freedom
from the statistical table.

—| Calculate the expanded uncertainty:y= k - uy,.

(9] Calculation of final expanded uficertainty (Uy,final)

—| If the expanded uncertainties of the n different reference solutions that were
used for the regression-lne fitting are uy,..., up, Uy should be combined with
{(u12 + == + up2)/n}1/2.

—| Upfinal = (Uy? + uJHf2, u = {(u1? + = + up?)/n}fi/2.

* [f the uncertainties of the reference solutions are negligible in comparison with
Uy, this step may be skipped. In_ this case, an appropriate note of such a skipping
should be made-on the uncertainty evaluation report.

(10) Bias’correction

—| Bias-corrected value = {a + bx} - {-(n - 3)(x - x)(1/Sy.)-MSE}.

NOTE Itis expected that the calculations in all steps for the uncertainty evaluation will be made with the aid
of computer program (e.g. Excell) program or built-in program of instrument). In this case, if the measurement
values of the reference solutions and sample, including the calibration quality control factor, are put into the
program, the results of the uncertainty evaluation will be automatically produced and reported.

1) Excelis the trademark of a product supplied by Microsoft. This information is given for the convenience of users
of this document and does not constitute an endorsement by ISO of the product named. Equivalent products may be
used if they can be shown to lead to the same results.
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Annex C
(informative)

Non-uniform variances and weighting method

C.1 Weighted and reversed inverse regression

At times, it is assumed that the variance of the observed x value is not uniform ovemths

calibration

rangg. In such a case, weighted and reversed inverse regression can be used to handle the;lton-uniform

varignces. The weighting factors are inferred from the fact that if measurement,is.repe
the jariance of the mean of the h measurement values is 62/hl41[5][6]. Howevep,it-should b
the number of measurement repetitions, h, is a natural number, whereas thé/weighting fa
positive real number.

W10x12 = W20x22 = — = Wpoxn? (= 0x2); the positive real number w; is\the weighting factor
is the largest variance, the number “1” is assigned to w;. In this ¢ase, o;2 is regarded as

¥ =a’+ b’xis the fitted regression line in weighted and revérsed inverse regression.
¢’ and b’ are the intercept and slope of the fitted regression line respectively.

¥, denotes summation from i =1 to n.

Wissumofw;(i=1,.., n),ie W=Yw;.

Xiis the x; value of the ith data point (x;, yJ, and the variables x; and x; (i # j) are indepen
ther: cov[x;, xj] = 0,1 # .

Xio is the expectation of the x; value-of the ith data point (x;, ;).

' = Ywix; /W

Nel

¥ =Ywyi /W

o' = Ywixio /W

Nel

A

X = IWii - x')2

ed h times,
e noted that
ctor, wj, is a

for Xj. If O'ij
Ox2.

dent of each

Sypos Ywi (vi- y')?

Sxy' = Xwi (xi - xX)yi-y")
b’ = Syy/Sxx’ = Xwi (xi - X" )i- y' )/ Zwi (xi- x')2
a'=y' -b'x" =FTwyi/W-{3w; (xi- X" )yi- x')/Iwi (xi - X' )2H{Zwixi/ W}

MSE’=Yw; (yi-a’- bxj)2/(n-2) = (c')? (Degrees of freedom: n - 2)
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