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Abstract

The paper proposes a new way of assessing the agreement between measurement results during test quality assurance
procedures in the laboratory. The decision-making rule is based on the measurement uncertainty. The probability, with
which mathematical expectations of the measured data lie within the uncertainty of the indicator measurements, is proposed
as a quantitative indicator. Such a quantitative indicator of the impact of methodological errors is proposed as the ratio of
the difference between mathematical expectations of the measurement results obtained in different series of measurements
to the average uncertainty of their determination, taking into account the applied decision-making rule. This indicator
is based on the assumption that the measurement results are normally distributed. To simplify the process of calculating
quality assurance indicators and reduce the risk of making mistakes in calculations, the “Agreement” module was created
on the basis of a virtual test laboratory. The input data for the calculation of the agreement in the module are: measuring
equipment, measurement results themselves (at least three for each tester), the coverage coefficient, full names of the people

performing the measurements, and the coefficient of the decision-making rule.
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Introduction

Testing of products at all stages of their life cycle
is an important element in ensuring their quality. The
test process also requires quality assurance and control
(ensuring the reliability of results). This is required by
the international standard EN ISO/IEC 17025:2017 [1].
In particular, paragraph 7.7.1 of this standard regulates
that “the laboratory shall have a procedure for monitoring
the validity of results, the resulting data shall be recorded
in such a way that trends are detectable and, where
practicable, statistical techniques shall be applied to review
the results...” At the stage of ensuring the quality of test
results, the task of assessing the accuracy and adequacy
of measurements of indicators arises, with determining
the degree of influence of random and methodolo-
gical errors on the measurement result and establishing
the criteria by which they should be evaluated. These
tasks are quite complex and ambiguous.

The paper proposes a new method for assessing
the agreement between measurement results when
performing test quality assurance procedures in the
laboratory. The decision-making rule is based on the
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uncertainty of measurement. The probability, with
which mathematical expectations of the measured
data lie within the uncertainty of the indicator mea-
surements, is proposed as a quantitative indicator.
Such a quantitative indicator of the influence of
methodological errors is the ratio of the difference
between mathematical expectations of the measurement
results obtained in different series of measurements
to the average uncertainty of their determination,
taking into account the applied decision-making
rule. This indicator is based on the assumption
that the measurement results are normally distri-
buted.

The main factors influencing test results in the
testing laboratory are [1, 2]:

— operator (test subject, person or several people
conducting the test);

— test equipment, measuring equipment (accuracy,
calibration characteristics);

— environmental conditions (temperature, humi-
dity, atmospheric pressure, air pollution, wind, etc.);

— time between individual measurements.
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All of these factors are individual for each
laboratory and are evaluated using the laboratory bias
index [2].

In addition to the laboratory bias, in any testing
laboratory, test results are influenced by random er-
rors [2].

Traditionally, test quality assurance procedure is
conducted on the basis of indicators regulated by the
ISO 5725 standards [2]: reproducibility dispersion,
repeatability variance, convergence limit, reproducibi-
lity limit. However, these standards do not regulate
the limit values of these indicators, at which it is
considered that test results are acceptable/unacceptable.

Certain developments to address this issue are
reflected in the works of foreign authors. These works,
as a rule, are of an applied nature — analytical tests
and tests in medical laboratories.

The work [3] provides a brief overview of various
types of external test quality assurance program-
mes. External quality assessment programmes were
initiated in the middle of the 20" century, indicating
wide discrepancies between laboratory results. They
have been developed in different countries and
some mechanisms for their harmonization have been
proposed: establishing common performance spe-
cifications, having quality assurance programmes as
a training tool. It is emphasized that participation in
external quality assessment programmes allows one to
know the real uncertainty of test results and whether
the results of an individual laboratory are consistent
with those of other laboratories that use the same
analytical method.

The work [4] noted that technical quality assu-
rance and quality control are important activities in
medical laboratories to ensure the appropriate quality of
the test results obtained. The proposed quality control
framework provides methods and tools by which the
performance of different tools can be compared in
a so-called error detection table to enable optimiza-
tion and verification of the overall test plan.

However, this work does not provide a specific
mathematical apparatus in terms of alarm frequency,
as well as pre-analytical, analytical and post-analytical
error detection performance.

Specific methods for calculating reproducibility
and repeatability characteristics are given in [5—8].
However, these works are of an applied nature and
do not provide general guidelines for standardizing
reproducibility and repeatability indicators in the
laboratory.

A significant number of works, both fundamental
textbooks on probability theory and experimental theo-
ry, and publications on solving particular problems
[9—12], are directly devoted to the issue of studying
the agreement between the distributions of experi-
mental data. However, it should be noted that to our
knowledge until today, there is no unified approach
to terms and definitions on this issue found in the

literature. In this regard, discrepancies arise in the
interpretation of individual concepts.

A detailed analysis of indicators and criteria for
establishing compliance with the theoretical distribu-
tion was made experimentally in [13, 14]. These
indicators are called “agreement criteria”. These are
the criteria of Pearson y2, Kolmogorov — Smirnov,
Cramér — von Mises — Smirnov, Anderson — Darlign,
Cooper and others. Also, to check the adequacy of
a mathematical model to experimental data, a crite-
rion is used based on a comparison of the reproduci-
bility variance of the mean value of the response
function and the variance of adequacy [15, 16].

The works [17, 18] present a mathematical ap-
paratus for assessing the compliance of a theoretical
model with experimental measurements, used in
the development of new test methods. However, to
formulate a decision-making rule when ensuring the
quality of tests, the specified mathematical apparatus
requires certain clarifications.

The works [19, 20] emphasize that measurement
uncertainty is an effective tool for developing decision-
making rules both in laboratory activities and in
studying the quality of industrial processes.

Each of the criteria under consideration has its own
scope of application. However, as a general disadvantage,
one can highlight the fact that they require massive
sampling (more than 50, and in rare cases, more than
300 observations). Existing criteria do not fully answer
the question of how quantitatively the theoretical and
experimental data agree. Another disadvantage is that
the existing criteria take into account the metrological
characteristics of measurements integrally, i.e. when
assessing the agreement between the distributions, the
uncertainty or error, with which the measurements are
performed, is not considered separately.

In addition, the problem of determining the limit
value of the criterion indicator at which a decision
is made on the consistency/inconsistency of the test
results is unresolved.

The purpose of the study is to substantiate the
decision-making rule when ensuring the quality of tests
in the laboratory based on measurement uncertainty.
To achieve these goals, it is necessary to solve the
following tasks:

— justify the indicator and criterion for establishing
a decision-making rule based on the results of ensuring
the quality of tests in the laboratory using measure-
ment uncertainty;

— examine the proposed indicator of agreement;

— develop structural information for software
calculation of quality assurance indicators during
laboratory testing.

Research results

Indicator and criterion for establishing a decision-
making rule based on results of quality assurance of
laboratory tests using measurement uncertainty.
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Test methods are implemented by measuring the
values of certain parameters using a specific method
and regulated measuring equipment. Of course, both
procedure and measuring instruments are not free
of errors. In this regard, the results of experimental
studies obtained under conditions of reproducibi-
lity or repeatability [2] will differ from each other.
This is due to the influence of random, systematic
and methodological errors.

The development of computer technologies has
made it possible to increase the accuracy of obtaining
experimental measurement data by automating their
acquisition and processing. Let us assume that studies of
one parameter are carried out using different methods
(by different testers, under different conditions).
We shall roughly call them as Method 1 and Me-
thod 2. In the future, the numbers 1 and 2 in the
formula indices will indicate the results obtained using
Method 1 and Method 2, respectively.

Considering the array of values of quantities
obtained by Method 1 and the array of values obtai-
ned by Method 2 as two independent random variables,
it is necessary to determine the probability of their
joint occurrence, taking into account the value of the
intervals in which the actual value of the measured
quantity may be located, which will be a criterion
for the comparability of results.

The measurement model (model equation) of
the indicator under consideration has the following
form:

y=/(X£Uy), ()
where X = {x,, x,, ..., x,} is a set of values of quanti-
ties included in the model equation for measuring
the theoretical value of the considered y indicator;
u,=1{U,, U,, .., U,} is a set of values of expanded
uncertainties with which the X indicators are measu-
red and which are included in the model equation
for measuring the considered y indicator;
n is a number of quantities included in the model
equation for measuring the considered y indicator.

Let us assume that the measurement results are
distributed according to the normal law.

The uncertainty of the U, measurement is cal-
culated with a confidence probability of P = 0.95,
so the limits of the change in the y indicator will
cover almost the entire area under the distribution
curve. Based on the definition of the concept of
“measurement uncertainty” and (1), it can be stated
that the rough limits of the possible values of the y
indicator will be determined by the magnitude of its
measurement uncertainty

o (Vuia ) =T U, 2)
where y,.., V.. are possible maximum and mini-
mum values of y, respectively;

U, is the uncertainty of the measurement of the
y indicator.

Regardless of the method of determining the
y indicator, its mathematical expectation, standard
deviation, and error in determining the mean value
of experimental data are determined by -classical

formulas of probability theory [15]:
=
y - . > (3)

“4)

=", 5

where y, is the i-th value of the measured y quantity
(indicator);
j is the number of measurements of the y value.

In real conditions, due to the impact of random
and systematic errors, the uncertainty of measuring the
y indicator by Method 1 and Method 2 will differ:

Uy #Up. (6)

The mathematical expectations of the y indicator
will also differ:

N# Vs (7

As an indicator for assessing the agreement between
measurement results obtained by Method 1 and Me-
thod 2, an indicator is proposed, which is determined
by the ratio of the difference in mean values (Ay)
to the combined uncertainty of their measurements
(Uy), taking into account the applicable (adopted)
decision-making rule r

k=, (8)
U,
where
Ay:|.)_/1_J_)2|; 9

Uy = r.lUyz1 +Uy22 ,

r is the decision-making rule.

Fig. 1 is a graphical interpretation of agreement
between the measurement results obtained by Me-
thod 1 and Method 2.

Using special tables given in the literature on
mathematical statistics (for example, [15]), depen-
ding on the value of k_, the probability, with which
the mathematical expectation of a value determined
by one of the methods goes beyond the uncertainty of

(10)
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Fig. 1. Graphical interpretation of agreement between the measurement results
obtained by Method 1 and Method 2

Table 1
A brief table of probability values for agreement between distributions
kc 0.05 0.1 0.15 0.2 0.3 04 0.6 0.8 1.0 1.2
P 0.9799 | 0.9203 | 0.8985 | 0.8415 | 0.7642 | 0.6892 | 0.5485 | 0.4237 | 0.3173 | 0.2301

measurement of the same value determined by another
method, taking into account the applied method of
decision-making rule, is determined. From the above
definition we can conclude that the k, indicator is
a quantitative indicator of the expression of the total
error of the measurement method used.

To determine the probability of agreement (P.)
between measurement results obtained by different
methods (taking into account the applied decision-
making rule), it is necessary to find the value

P =1-P

. =1-P, (11)
where PkM is the probability of discrepancy between
theoretical and experimental data [15].

Study of the agreement indicator k,

The value of the k. indicator varies within the
limits k, = [0; oo). Table 1 shows the values of the
k. indicator and their corresponding probabilities of
agreement between distributions.

B TN
BN |

As can be seen from Table 1, with a value of
k, = 0.6, the probability of agreement between two
distributions will be 54%. That is, with a value of
ks=0.68, the probability of agreement between two
distributions will be 50%. With a value of ks<0.25,
the probability of agreement between the results will
be 80% or more. In this case, we can assume that the
methodological error has little effect on measurement
results, and the results themselves are comparable (the
quality of testing in the laboratory is ensured).

The value of the k, indicator significantly depends
on the value of the combined measurement uncertainty
U s. The larger the value of Uy is, the more likely the
mean values of measurement distributions will be within
the indicator measurement uncertainty. Therefore, the
range of measurement uncertainty limits is limited by
the laboratory decision-making rule, r (see formu-
la 10). This can be any number in the range (0; 1].

Fig. 2 shows the proposed gradation for assessing
the degree of agreement between measurement results
during comparative tests based on the k_ indicator:

(0.40; =] — test results are incomparable;

(0.25; 0.40] — the agreement between the results is
unsatisfactory;

(0.15; 0.25] — the agreement between the results is
satisfactory;

(0.10; 0.15] — the agreement between the results is good;

[0; 0.10] — the agreement between the results is very good.

Fig. 2. Gradation of assessment of the degree of agreement between measurement results during comparative tests based on kC indicator
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Fig. 3. Agreement Module Interface:

a — data entry window; b —

The data structure of the software calculation of quality
assurance indicators during testing in the laboratory

To simplify the process of calculating the quality
assurance indicators and reduce the risks of errors in
calculations, it is proposed to create an “Agreement”
module on the basis of a virtual testing laboratory [21].
The interface of this module is shown in Fig. 3.

Structurally, the Agreement module consists of:

e tables: “Report”, “Measurement results
Tester 17, “Measurement results — Tester 27, “Type of
Measurements”; moreover, these tables are connected
by a “One-to-Many” ratio in the “Report Code” field
with data integrity and cascading updates;

calculation results window

e queries: “Statistics”, “Uncertainty”, “Uncertain-
ty A”, “Uncertainty A _STDev”, “Uncertainty B”,
“Agreement Report”, which provide the calculation
of the agreement between the results;

e report “Comparative Test Report”, which is
prepared in the format that the laboratory provides.
In addition, a journal for calculating the measure-
ment uncertainty is prepared separately;

e forms: “Data entry”, “Result”.

The input data for the -calculation of the
agreement in the module are: measuring equipment,
the measurement results themselves (at least three
for each tester), the coverage coefficient, full names
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of the people performing the measurements and the
coefficient of the decision-making rule. After pressing
the “Calculation” button, all the information necessary
to interpret the results of comparative tests is displayed
on the screen. Pressing the “Report” button generates
and displays on the screen a comparative test report
for in the provided format, which can be printed or
saved in PDF format.

Conclusions

As a result of the study, a new method for
assessing the agreement between measurement results
during test quality assurance procedures in the

laboratory has been developed. The decision-making
rule is based on the uncertainty of measurement. The
probability, with which mathematical expectations of
the measured data lie within the uncertainty of the
indicator measurements, is proposed as a quantitative
indicator. Such a quantitative indicator of the influence
of methodological errors is proposed as the ratio of
the difference between mathematical expectations of
the measurement results obtained in different series
of measurements to the average uncertainty of their
determination, taking into account the applied decision-
making rule. This indicator is based on the assumption
that the measurement results are normally distributed.

AbTEepHATHBHMI NMOKA3HMK OIIHIOBAHHSA 30iry
pe3yabTaTiB BUNPOOYBAHD

A.l. Kopo6ko'2, KO.M. KoTtoBa?
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AnoTanis

Metoo OOCHiIKEHHS € OOIPYHTYBaHHS MpaBWia MNPUNHSTTS pillleHHS Tpu 3a0e3MeyeHHi SKOCTi BUIIPOOYBaHb
y saboparopii Ha OCHOBiI HEBM3HAYEHOCTIi BUMiploBaHb. s TOCSTHEHHS METM BHUpILLIEHO TakKi 3aBIaHHS: OOI'PYHTOBAHO
TMOKAa3HWK i WOTr0 3HAYeHHs KPUTEpiiB JJIsi BCTAHOBJICHHS TpaBWIa MPUWHSITTS PIillIeHHS 3a pe3yJbTaTaMu 3a0e3redeHHs
SIKOCTi BUIIPOOYBaHb y J1JabopaTopii i3 3aCTOCYBAaHHSM HEBM3HAYEHOCTI BUMIPIOBaHHS; JOCIIIIXKEHO 3alIPOINOHOBAHUI MMOKA3HUK
30iry; po3po0JeHO CTPYKTYpy HaHUX MPOTPAaMHOrO pO3paxyHKy IMOKA3HUKIB 3a0e3nedyeHHs SIKOCTi MpU BUIIPOOYBAHHSIX
y 1aboparopii. [1paBuio NpuitHITTS pillleHHsSI TPYHTYEThCS HA OCHOBI HEBU3HAUEHOCTI BUMIpIOBaHHS. SIK KiJIbKiCHUIT TOKa3HUK
3aMpONOHOBAHO MMOBIPHICTD, i3 KOO MaTeMaTUYHi OYiKyBaHHSI BUMIPSIHUX JAHUX 3HAXONSTHCS y MeXKax HEeBU3HAUYE€HOCTI
BUMIpPIOBaHHSI MOKa3HUKA. TaKUM KiJIbKICHUM TTOKA3HUKOM BIUIMBY METOAMYHOI IMOXMOKM BBAXKAETHCS BiAHOLICHHS Pi3HULL
MiX MaTeMaTUYHUMM OUiKyBaHHSIMM Pe3YJbTaTiB, OTPUMAHUX Yy Pi3HUX CEpPisIX BUMIipIOBaHb, 10 CepeaHbOI HEBU3HAUYEHOCTI
IXHBOTO BU3HAUEHHSI 3 YpaxyBaHHSIM 3aCTOCOBAHOIO IMpaBuja NMPUIHATTA pilieHHs. [ToKa3HUK IPYHTYETbCS HA MPUITYIIEHHI,
1110 pe3yJIbTaT BUMiplOBaHb HOPMAaJIbHO PO3MOIiIeHi. 3HaUeHHST TTOKa3HMKa 30iry CyTTEBO 3aJIeXKUTh Bill 3HAUEHHS CITLIbHOI
HEBU3HAYEHOCTI BUMiptOBaHHs. ToMy iHTepBal MeX HEBU3HAYEHOCTi BUMIPIOBAHHS OOMEXYETHCS TMPABUJIOM MPUUHSTTS
pillieHHs1 Y JlabopaTopii. JIjisi CIpOlLIeHHS MPOLECy PO3paxyHKy IMOKa3HUKIB 3a0e3MeYeHHsT SIKOCTi Ta 3MEHILEHHS PU3UKIiB
JOMYILEHHSI TTIOMUJIOK y po3paxyHKax Ha 0a3i BipTyaJibHOI BUIIPOOYBaJIbHOI JIaOOpATOpPii CTBOPEHO MOAYJIb “Agreement”.
BximHuMM naHUMM U1 pO3paxyHKy 30iry B MOAYJi € 3acoOM BUMipIOBaHHsSI, O€3MOCEepeqHbO PE3yJbTaTH BUMipIOBaHb
(He MeHIlle TPbOX Yy KOXHOTro BUIpOOyBaya), KOeMilliEHT OXOIJIEHHs, Tpi3BUIIA OCi0, 110 3iiCHIOIOTh BUMipIOBaHHS, Ta
KoedillieHT MpaBuja MPUAHSATTS PillIeHHS.

KiouoBi caoBa: mpaBuio MPUMHSATTS pillleHHs; HEBM3HAYEHICTh BMMIipIOBaHHs; 30ir pe3yJjbTaTiB; BUMipIOBaHHS;
MIMOBIPHICTh; BUIIAAKOBa IOXMOKA; METOAMYHA ITOXMOKA; IMOXMOKA BU3HAYEHHSI CEPEIHLOTO 3HAYEHHS.
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