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Abstract A user-friendly MS-Excel spreadsheet is depetb for evaluation oflobal
consumer’s and producer’'s risks in conformity assesit of chemical composition of a
multicomponent material or object, when up to foomponent concentrations are under control.
These risks are probabilities of incorrect confaynaiecisions related to a material batch (lot or
similar) randomly drawn from a statistical popubati of such batches. The probabilities
characterize the material quality globally, allowirthe prediction offalse decisions on
conformity of a future batch, based on the futuemsurement results. The spreadsheet program
evaluates risks using Monte Carlo simulations. #sut data, the following need to be provided
to the software: parameters of normal or lognordisiribution of actual (‘true’) values of the
component concentrations (prior distribution); paegers of the distribution of measurements
results at the actual value of the component cdreteon (likelihood function); and correlation
matrices for couples of the actual components’ eatrations under control and also for
corresponding measurement results. The spreadgheetlidated by comparison of the risk
estimates with those calculated in R programingrenment by numerical integration of the
relevant analytical formulae. The developed Exigeldnd a demonstration videos of its use are

available as electronic supplementary material.

Keywords Conformity assessmenMulticomponent materidiMeasurement uncertainbRisk

of false decisioiMonte Carlo simulationsSpreadsheet

1. Introduction

In our tutorial [1], chemical composition ofaulticomponent material or object is considered
‘conforming’ when the actual (‘true’) concentrationof its i-th componentj = 1, 2, ...,n, is
within the specification, regulation or legal t@ace limits/interval T.;, Tui], whereT,; and Ty;
are the lower and upper limits of the interval,pesgively. Comparing the chemical analytical
measurement/test resudt, of thei-th component concentration with the upper liffii, for
example, one has to decide whether the materiabject conforms or not. Since a measurement
result is represented by a measured vely@nd an associated measurement uncertainty [2, 3],
two kinds of risk (consumer’s and producer’s) dakse decision on conformity may arise, each

at T.; andTy;. Continuing the example by considering the uppait ITy;, the probability of a



false decision that the component concentratiors cha¢ exceed it, based on the measurement
result ¢m< Tui, when the material actually does not conform, itee actual concentration
exceeds the upper limit;(> Ty;), is the ‘consumer’s risk’. On the other hand, pinebability of
falsely deciding non-conformity (i.e.m> Tui, when in fact; < Ty;) is the ‘producer’s risk’.

For a specified material batch, lot, or aniemmental compartment, e.g. ambient air in a
certain location at a certain time (‘batch’ frommnon), such risks are referred to as thecific
consumer’s risk’ and thespecific producer’s risk’, respectively. The risks of incmot
conformity assessment of a batch randomly drawm feostatistical population of such batches
are the ¢lobal consumer’s riskR;, and the global producer’s riskR;), respectively, as
they characterize the material quality globalllyother wordsa global risk is theprobability of a
false decision on conformity of a future batch [d§suming that conditions of the material
production (or composition of the object) will ndtange.

When conformity assessment for eatihcomponent concentration of a batch of a mdteria
successful (i.e. the particular risks;y andR;,, are small enough), the total probabilities of a
false decisions concerning conformity of the mafeas a whole, (i.e. the total risRg,, ) and
Reotal(py) Might still be significant. This is important faorrect risk management in a factory
producing a medication, an alloy or other multicomgnt materials, for environmental
monitoring and similar tasks. Modeling and evalugtihe total risks in conformity assessment
of a multicomponent material or object due to measient uncertainties are developed by us
using a Bayesian approach and R programing [5#8]pdrticular, core of the R codes for
calculation of the risks for uncorrelated and datel data are published in papers [6] and [8],
respectively. A user-friendly spreadsheet programef/aluatingspecific risks of false decisions
in conformity assessment of a multicomponent malteri object was presented in the tutorial [1]
to make calculations more accessible than in tpeogramming environment.

In the present paper, a new spreadsheet M8I Eixogram is described for calculation of
global risks. This program, as the program for evaluagpegific risks [1], is also accessible for
use in quality control, measurement and testingrcbal analytical) laboratories, and does not
require special skill in programming by laboratastaff. The spreadsheet is validated by
comparison of the results with those obtained & Rhprogramming environment by numerical
integration of the relevant analytical formulaeingspublished examples on denatured alcohols

[5], total suspended particle matters in ambien{&i a medication [7], and an alloy [8]. The



validated spreadsheet for calculationgbdbal risks and a demonstration videos of its use are

available as electronic supplementary material.

2. Calculation ofglobal risks

To decrease the risks, besides the toleramois | for actual concentration values,
acceptance limits for measurement resghge.g. internal factory limits) can be applied taki
into account the measurement uncertainty [3, 4jwéi@r, if the measurement uncertainty is
already considered when setting tolerance limfigy tcoincide with the acceptance limits, as
assumed in the spreadsheet. In such cases;tthearticularglobal risk is calculated as the
following double integral:

Ry = [f fc)f (cimlc)deimde;, (1)

wheref(c;) is the pdf of the distribution af; values (the prior pdf)f (c;mlc;) is the pdf of the
distribution of measurement resultg, at the actual value; (characterizing the likelihood
function). The limits of integration depend on tigpe of the risk: consumer’s or producer’s [4,
9]. For example, for calculation of the consumeisk, whenc; is required to be smaller thap;,
the limits of the outer integral (relevant¢® are fromTy; to o, whereas the limits of the inner
integral (relevant t@;,) are from O tdl ;.

Note, the product off (c;) and f(c;mlc;) is a joint pdff(c;m,c;) of actual values and
measurement result¥he totalglobal risk is, consequently, a more complicated integfahe
multivariate joint pdf of actual values and meameat results of the concentrations of the
components under control in a batch [5-8].

2.1. Smulations

In order to estimate tlgbobal risk by MC method, simulations are necessary factyali-th
component concentratiar (s) in thel-th material batch, which might be produckd, 1, 2, ...,
N; and 2) future measurement result, (s) of thei-th component concentration in théh batch.

An actual component concentratigy(s) is simulated as drawn from the population of the
material batches, according to the prior pdf. Fache simulatedc;;(s), a corresponding

measurement resutt;, (s) could be simulated by drawing it from the pdf @werizing the



likelihood function at thig;; (s) value. In practiceg;;, (s) is obtained by summing the simulated
actual concentratiop;(s) and a simulated measurement eggs) drawn from a pdf equal to
that characterizing the likelihood function, buiftdd to zero. Note, the standard deviation of
such pdf, at the same actual value of the cond@éiras equal to the standard measurement

uncertaintyy; of thei-th component concentration. Thus,

cam(s) = ¢y (s) + ey (s). 2)(

When the likelihood function is described by a nakpdf, simulated measurement erreggs)

are drawn from N(Ouy;). They are distributed symmetrically around zend 8o can be positive
and negative. If the actual component concentrataduec; is close to zero, e.g. for an impurity,
the I-th simulated value;;(s) is also small and even negative in some casesefone, c;;, (s)

also might be negative. Since any concentratiora inon-negative quantity by definition,
simulated negativer;;(s) and c;;,(s) are removed and corresponding simulations are not
counted in the total number of simulatiddsThis operation is equivalent to using in form(a
truncated normal distributions in the interval ¢, for both actual values; and measurement
resultsc;p,.

The simulations of actual concentratiopgs) and measurement errarg(s) are performed
by the MC method using a generator of correlateanadly distributed variables, based on the
Cholesky decomposition [10] of the covariance matf the involved variables (the actual
values and the measurement results). Note, anyrieoea matrix by definition is positive
definite, as required for the Cholesky factorizatid@he input data are mean(location) and
standard deviatiow (scale value) of actual concentration values, stendard measurement
uncertainty (scale value of the normally-distrilaliggrors), as well as the correlation coefficients
rij betweerni-th andj-th actual values andth andj-th measurement resulis# j. Output data are
the simulated values. The random values generatwkswvfor independent as well as for
correlated normally-distributed variables. It calsoagenerate independent log-transformed
actual values of the component concentrations aclerised by the mean and standard deviation
of the transformed variable. The simulated valuethe lognormally distributed concentrations
are hence obtained as the exponents of the sirdulatetransformed concentrations. In this

case, simulation of correlated variables is nosjibs.



Thus, the simulations can be used for uncatedl normal or lognormal priors and normal
likelihoods, i.e. when zero correlation coefficierft; = 0) are entered. When both priors and
likelihoods are normal, any; between —1 and 1 can be entered. Different coiwalanatrices
for the normal prior and likelihood, and absoluter@ative standard measurement uncertainty

(u; or ureji, respectively) for eachth component are allowed.

2.2. Spreadsheet

The particularglobal consumer’s riskR.;, is evaluated as the number of simulated
measurement results of th¢h component concentrationg,, (s) within the tolerance interval,
when corresponding actual concentration valagd) are outside this interval (“False IN”),

divided by the number of simulatiohs Theglobal particular producer’s risR;p is evaluated

as the number of thg;,,(s) outside the tolerance interval, when correspondij(g) are within
this interval (“False ouT”), divided by N. The spreadsheet
“Global4Risk_Macros_to_be_Activated.xlsm”, attachasl electronic supplementary material,
performsN up to 50000 simulations of actual values and nreasent results of concentrations
of each component.

The sheet “Particular_Risk” in the file “GldBRisk_Macros_to_be Activated.xlsm” is a
graphical representation of simulated measurene=utits and corresponding actual component
concentration values used for evaluation of padicglobal risks. There are measurement
results correctly situated together with correspoogdctual values within the tolerance interval
(legend “IN"), correctly situated outside the ta@lece interval (legend “OUT”), as well as
incorrectly situated within (“False IN”) and outH&dlse OUT”) the tolerance interval. Fig. 1
shows an example of such graphical representation.

The sheet “Univariate_Graph” combines in thms figure the normalised frequencies of the
simulated actual values and measurement result®rafentrations of theth component (not
reproduced here).

The totablobal consumer’s rislRq(c) is evaluated as the number of cases when simulated
measurement results for all componantsl, 2, ....n are within their tolerance intervals, but at
least one of then simulated actual concentration values is outsidenterval (“False IN”),

divided by the total number of cadésThe totalglobal producer’s riskR,ta1(p) is the number of

cases when at least one simulated measurement iesuitside its tolerance interval, while all



simulated actual concentration values are withairtmtervals (“False OUT”), divided by the
total number of simulations.

The sheet “Total Risk” is the graphical regrgation of simulated measurement results of
concentrations of two of thecomponents, where the “False IN” and “False OUdses for any
i-th of then components are identified. The points “IN” (cothga@onforming) are overlapped
by all points. The points “OUT” (correctly noncomnfioing) are overlapped by all other points
excepting “IN”. The points “False IN” overlap albmts excepting “False OUT”, which also
overlap all other points. The cells K10, K12 and2\if the sheet “Input Data” allows selecting
the variables represented on such plots.

Fig. 2 shows an example of the graphical gm&ation of simulated measurement results for
evaluation of the totaglobal risks when two components are under controlnie2.

Fig. 3 is related to the same two componessn Fig. 2, but in this case a third component is
considered in addition. The third component is oesjble for an increase of “False OUT” cases
and corresponding increase of the tofabal producer’s risk. The totallgbal consumer’s risk
is also increased but this is invisible in the p&st the “False IN” points are overlapped by “False
OUT” points.

When simulated, and ¢; values are positive definite (e.g. for concentrai of main
components of a material) negative realizations paeetically impossible and the calculation
option “No constraints” at line 43 is suitable. Hower, a choice of the respective option “No
constraints” or “Cancel negative values” at line st®uld be carefully made, since the option
"No constrains” might lead to incorrect results whhbe distance of theoncentration values
from zero is small taking into account the meas@m@nuncertainty. The sheet "Particular_Risk"
providing graphical representations of simulatecsueement results vs. actual values (as in Fig.
1) can be helpful for control of the right choicé “dlo constraints”. If negative values are
indicated, the calculations should be repeated thghoption "Cancel negative values".

The developed spreadsheet installed on a aeqérsonal computer can perform a run
consisting ofN = 50000 simulations according to formula (2) ani¢gwations of the risks in just
few seconds. The repetition of 30 runs takes less two minutes. To start calculations with the
spreadsheet, the macros should be activated asiraglin the video “Macros_Activation.mp4”.

Then, input of raw data and further calculation psteare explained in the video



“Global4Risk.xlsm: Demo_Global4Risk.xlsm.mp4”. Bathe videos are available as electronic

supplementary material.

3. Validation of the spreadsheet

3.1. Validation criteria

ISO 9000[11] definesvalidation as “a confirmation, through the provisiof objective
evidence, that the requirements for a specificnicéel use or application have been fulfilled”.
Similar definitions are in JCGM 200 [12] and otldexcuments compared in the Eurachem Guide
[13]. There are strict requirements in the field swftware for medical devices [14, 15].
Validation of a computer program in testing andbration laboratories is required by ISO/IEC
17025 [16] and FDA Guidelines [17]. Anyway, the entt of validation is always a balance
between costs, risks and technical possibiliti&s 1B, 19].

The formulas and macros in the spreadshegiratected from overwriting or change without
password [20]. However, thglobal risk estimates produced by the developed progran ar
affected by the variability of the combination o&ndomly generated information. This
variability decreases with increasing number of dations N. Therefore, the following two
validation criteria were set on the current staigighe® program development: 1) a mean risk value
R obtained from 30 MC runs, eachdf= 50000 simulations, should not differ statistigdtom
the value calculated by numerical integration & thlevant analytical formulae, performed in
the R programming environment [5-8]; and 2) thedéad deviatiors, of the mean risk valuR
is to be not greater than 10 %Rf

The validation is performed by comparison loé spreadsheet results with the risk values
published in ref. [5-8]. A total of 7 scenariostbé totalglobal (consumer’s and producer’s) risk

evaluation were used for this comparison.

3.2. Results of the validation

The estimates of risk are presented in TablésThe examples a@fiobal risks calculated for
scenarios with the independent (hence, uncorrélasgihbles are in Tables 1 and 2. Scenario #1
in Table 1 relates to concentrations of two dersatigr under customs control in a denatured

alcohol, while scenario #2 - to concentrations toké denaturants [5]. In these scenarios the



consumer is the custom, and the producer is theripof the alcohol. Data in Table 2 describe
a case of ambient air contaminated by total susgreparticle matters generated in three stone
quarries, and thglobal risks of inhabitants of the industrial zone (th@samer). The producer

in this case is the quarry owner [6]. Table 3 coistacenario #1, when measurement results of
concentrations of four active components in a naao are uncorrelated, and scenario #2 —
when correlation among the measurement resultsasg The consumer is a sick person taking
a medication, while the producer is the pharmacautompany [7]. Similar scenarios are in
Table 4, related to the control of concentratiohghodium and sum of eight impurities in a PtRh
alloy [8]. Correlation of the measurement resuftshese two alloy components, not taken into
account in scenario #1, is statistically significéit weak in scenario #2. The consumer is a
purchaser of the alloy, and the producer is theeswihthe factory producing this alloy.

The mean risk value® and their standard deviation, obtained from 30 MC runs, each
made withN = 50000 simulations, are shown in the tables. &tahdeviations, are rounded
up to one or two significant figures, aRdvalues are expressed with the same number of décim
places.

The validation of the MS-Excel spreadsheedassfactory, since 1) the difference between
the analytical results of the risk evaluation ia B environment and the spreadsheet estimates do
not exceed the confidence intenalt: tsg, wheret is a quantile of Studentdistribution, e.g.
equal 2.8 at the 99 % level of confidence and 2faks of freedom; and 2) tkg values as a

rule are not greater than 3-5 % of correspondingmiisk values, and do not exceed 10 %8 of

4. Conclusions

The developed MS-Excel spreadsheet is a uigerdty program for evaluation gfobal risks
(probabilities) of false decisions in conformitysassment of chemical composition of a
multicomponent material or object, when up to foomponent concentrations are under control.
Calculations with this program allow characteriaatof the conformity of a batch, lot or similar
unit of a material or object, which might be proddavith the same conditions as previous ones.

The spreadsheet has been successfully validatecomparison of obtained risk estimates
with those calculated in the R programing environtri®y numerical integration of the relevant
analytical formulae. The MS-Excel file and a videxplaining the spreadsheet use are available

as electronic supplementary material.
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The developed program complements earlier publispedadsheets for calculation specific
risks and also will be helpful in different confatynassessment tasks related to multicomponent
materials or objects.

Electronic supplementary material
- File to process thglobal risk calculation: Global4Risk_Macros_to_be_Actedikism
- Video explaining activation of the macros: Macrastivation.mp4

- Video explaining the use of the file Global4Ridkm: Demo_Global4Risk.xlsm.mp4
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Figure captions

Fig. 1. Graphical representation of simulated actual concemation values cq;(s) of
component 1 and corresponding measurement resultg;;,(s) used for evaluation of a
particular global risk. The limit of the tolerance interval is shown byttedd black lines. The
measurement results correctly situated within dierance interval (“IN”) are indicated by dark
blue points in the upper right quarter of the piehjle the results correctly situated outside the
tolerance interval (*OUT") - by dark red points the lower left quarter of the plot. The
measurement results incorrectly situated withinttdterance interval (“False IN”) are shown by
Cambridge blue points in the upper left quartethef plot, while the results incorrectly situated
outside the tolerance interval (“False OUT”) — hyg tight-red points in the lower right quarter of

the plot.



13

Fig. 2. Graphical representation of simulated measurement esults c;,(s) of
concentrations of two componentsi(= 1 and 2) used for evaluation of the totadlobal risks.

The points and their colours used are as explamédy. 1 caption.

Fig. 3. Graphical representation of simulated measurementesultsc;;, (s) of
concentrations of two { = 1 and 2) of the three components under controlsed for
evaluation of the totalglobal risks. The points and their colours used are as explaméd. 1
caption. The third component is responsible herafarger number of false decisions in

comparison with those shown in Fig. 2.



Table 1. Risks of false decision in confor mity assessment of denatured alcoholswith two or three denaturants[5]

Actua M easurement Analytical risk estimate (%) MS-Excel risk estimate (%)
Ao concentrat on/prlor uncertainty Limit Rci(c) Rci(p) Rtotal(c) Rtotal(p) Eci(c); SR Rci(p); SR Rtotal(c); SR Rtotal(p); SR
1 1 =315 u; =0.05 T, =3 2.7 3.8 2.6;0.1 38,01
1= 0.1575 (N&I)
2 p=2315; U = 0.07 T,=3 3.4 5.6 4.8 7.6 34,01 5.5;01 48;0.1 75,01
2= 0.1575 (N&1)
2 1 14=315 w=005 T,=3 27 38 2.6;0.1 3.8;0.1
1= 0.1575 (N&1)
2 =315 U = 0.07 T,=3 3.4 5.6 6.6 114 3.4;0.1 55;01 6.5;0.1 11.3;0.1
02 = 0.1575 (N&I)
3 13=110; =007 T,=1 46 85 4501 8.5; 0.1
03 =0.11 (N&I)

# - scenario number; i - component number; N& | - normally distributed and independent; T;; - lower limit; R - mean value; s - standard deviation.




Table 2. Risks of false decisionsin confor mity assessment of total suspended particulate matter concentration in ambient air near three

stone quarries|[6]

Actual

# 1 concentration/prior

M easurement
uncertainty

Analytical risk estimate (%)

MS-Excel risk estimate (%)

Reic) Reicp)

Reip)i Sk Rrotal(c); Sr_Rrotal(p); Sk

| 1 1 =-2.326;
1= 0.434 (LN&I)

2 p=-2.03L
a2 = 0.280 (LN&)

3 M3 = -2338,
3= 0.403 (LN&I)

Urell = 0.07
Urelz = 007

Ure|3 = 007

Limit

TUl == 02
Ty = 0.2
Tysz = 0.2

0.73; 0.03

1.54; 0.06 1.9;0.1 2.6;0.1

0.61; 0.03

# - scenario number; i - quarry number; LN&| - lognormally distributed and independent; Ty; - upper limit; R - mean value; s- standard deviation.




Table 3. Risks of false decisionsin confor mity assessment of a medication with four active componentsunder control and correlated test

results[7]
Actual Measurementimits Analytical risk estimate (%) MS-Excel risk estim&e)
# 1 concentration/prior uncertainty [Ty, Tyl Recie) Reip)y Rrotai) Rrotaip)  Rei(eys Sk Reipy; Sk Riotal(e)s Sr Rrotal(p); Sk
1 1 14-9918; Uen= 0028 [95,105] 0.05 11.8 0.05:0.01  11.8:0.2
o1 = 1.37 (N&I)
2 =977 Urelz = 0.028 [95, 105] 0.18 18.2 0.19; 0.02 18.2; 0.2
o2 = 1.02 (N&I) . .
3 = 99.33: Ues=0.028 [95,105] 0001101 91 4 goo01:0001 101:01 018002 431
o3 = 1.05 (N&I)
4 1p=098.94: Uew=0.028 [95,105] 0.03 11.9 0.03:0.01  11.9;0.2
3 = 1.22 (N&I)
2 1 14=99.18: Uen=0.028 [95,105] 0.05 11.8 0.05:0.01  11.8;0.2
o1 = 1.37 (N&C)
2 =977, Urelz = 0.028 [95, 105] 0.18 18.2 0.19; 0.02 18.2; 0.2
o2 = 1.02 (N&C) 0.16 30 0.19;0.02 30:;1
3  13=99.33; Ureiz = 0.028 [95, 105] 0.00110.1 0.001; 0.001 10.1:01
o3 = 1.05 (N&C)
4 1y =98.94; Urels = 0.028 [95, 105] 0.03 11.9 0.03; 0.01 11.9; 0.2

o4 = 1.22 (N&C)

# - scenario number;- component number; N&I - normally distributed @ndependent; N&C - normally distributed and cortetawith the other
components concentrations when the Pearson’s atorlcoefficients;; = 0.7;Ty; - lower limit; Ty; - upper limit;R - mean valuesy, - standard
deviation.




Table 4. Risks of false decisionsin confor mity assessment of a PtRh alloy with four components under control and correlated test results[8]

Actual Measurement Limits Analytical risk estimate (%) MS-Excel risk estim&¥e)
# 1 concentration/prior uncertainty [Ty, Tyi] Reio Reip)y  Rrotal(e) Rrotalp) Reice)s Sk Reipy; Sr Riotal(c); Sk Rrotal(p); Sk
1 1 y=7.457; u; =0.04 [7.3,7.7] 0.47 2.0 0.47;0.02 2.0;0.1
o1 = 0.073 (N&I)
2 15 =0.059; Uepp = 0.18 [0,0.18] 3.7e-05 1.3e-090.47 2.0 < 0.002 0.00@0R. 0.47; 0.03 2.0;0.:
o2 =0.021 (N&I)
2 1 n=7.457, u; =0.04 [7.3,7.7] 0.47 2.0 0.47;0.02 2.0;0.1
o1 = 0.073 (N&C)
2 1 =0.059; Ueiz = 0.18 [0,0.18] 3.7e-05 1.3e-090.51 2.1 < 0.002 0.00@0R. 0.48;0.03 2.0; 0.1

2 = 0.021 (N&C)

# - scenario number;- component number; N&I - normally distributed andependent; N&C - normally distributed and cortetawhen the
Pearson’s correlation coefficierms= 0.228;T;; - lower limit; Ty; - upper limit;R - mean valuesy - standard deviation.
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HIGHLIGHTS

A new spreadsheet program for evaluating global risks of false decisions in conformity
assessment is devel oped.
The program algorithm is based on the Monte Carlo simulations.

The program was validated by comparison of the risk estimates with the results calculated in
R programming environment.

The spreadsheet and audio-video instructions explaining the program use are provided as

electronic supplements.



