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AN UNCERTAIN FUTURE FOR METROLOGY?
COMMENTS AND EXAMPLES

F. Pavese

!Independent Scientist (former Researc Director at CNR), Torino, Italy, frpavese@gmail.com

Abstract

The comments are intended to illustrate the present status of metrology according to its principles and procedures, namely
about the definition and meaning of the concept of uncertainty in measurement, and to introduce an alert about discrepancies
becoming more frequent in applications assumed to pertain to the frame of metrology but basically violating metrological concepts.

Two examples are reported, in details necessary to make clear the sometimes subtle deviations from a correct application of
the metrological rules: one case was found inside a recent metrological document: the very definition of uncertainty; the other
case is found in a critical determination of the uncertainty of a basic parameter in climate-change evaluation: the uncertainty

affecting the Surface Annual Mean Temperature.

Key words: metrology, uncertainty, climate, average annual temperature.

1. Introduction

Wikipedia definition: “Metrology is the scientific
study of measurement [1]. It establishes a common
understanding of units, crucial in linking human activities”.

Normally in science several positions generally
arise, for example during the discussion among experts of
any adjournment of metrological documents, until one of
them is considered the best— by consensus, rarely
unanimously—relative to the principles considered the
pillars of modern science.

That happened, e.g., in the first decade after year
2000 concerning the discussion on the new definition of
the International System of Units (SI) about its basic
foundation principles and structure, namely about the unit
mole and the role of fundamental constants of physics [1-
13 and reported references].

The purpose of positions not eventually accepted
was an alternative to the approved ones, but equally and
strictly having been intended to introduce sound
improvements to metrology definitions, though in
different ways.

In the other hand, in the last period of time, no much
more than a decade long, we assist to a high acceleration
toward more drastic changes in many fields, also of
science, especially in those directly or indirectly
concerning consequences of the increasing importance of
a new technology, digitalisation.

The aim of the comments that follow is to enlighten
the fact that, according to Author’s position, some of
these changes look no more in accordance with basic
foundations of the metrological discipline.

2. Metrology and its most basic
concept: uncertainty in measurement
Basically, metrology is a discipline

complementing measurement science for specifically
assessing the accuracy of the gained knowledge, namely

in the frame of the established international systems of
measurement units, and the criteria and methods to
ensure international traceability. Criteria and methods
are based on the assessed fact that all measurement
results are always affected by an uncertainty arising
from the measurement process. It has a random
component and a number of additional components. The
first arises from dispersed measured values; the second
arise from errors or omissions in the variables
influencing the result (numerical or qualitative)
concerning the planned measurement process. The two
kinds are independent on each other.

3. Sources of uncertainty: ignorance vs
(partial) knowledge

“l know that | don’t know — ‘Etot, dev yvopilen”
(Socrates)

It is a fact that human knowledge is limited and
suffers from subjectivity and uncertainty, issues not
cancelled by measurement results, then in modern times
knowledge is supposed to be mediated by inter-
subjectivity as the only possible remedy.

However, it is more difficult to apply the same
remedy to what is outside the frame of partial
knowledge: the level of ignorance. By definition, it is
less easy to have a shared full identification of the
“contents” of ignorance.

In fact, ignorance can consist of totally ignored
subject matters, or of known issues still without any, or
any consistent/firm, informative shared response.

In addition, ignorance necessarily affects the
whole measurement process, not only the lack of
reliable numerical (or else) outcomes. In this respect
ignorance may curiously be less ambiguous than (even
partial) knowledge.

The ambiguity of the latter in modern science is
assumed delimited and mitigated by some conditions:

© Pavese F., 2025
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—in theoretical studies, by the fact that processes
(theories) are expressed (postulated or inferred via
mind) in an exact and language-independent symbolic
form, mathematics;

—in experimental science, by acquisition of results
of observations via measurement, affected by
incompleteness, errors and uncertainty: the latter are
mitigated via replication of the measurements, though
affected by a dispersion of results such that it can even
affect their significance.

—finally, it is expected that the theoretical studies
are confirmed by experimental proofs—or the reverse—
before the corresponding new knowledge level is
accepted.

Note that (partial) ignorance on a subject matter in
question not necessarily decreases in the occurrence of
an increased knowledge on it.

Consequently, in modern science, probability (or
similar non-deterministic tools) is replacing the
exactness of (new) knowledge, while a risk, for the
deriving decisions to be taken, is associated to the
effects of (persisting) ignorance.

A measurement process can be constructed only on
the bases of existing tools (in turn based on existing
knowledge) and constrained by the properties of the
“external world” as observed by human resources.

Instead, new concepts can be totally derived by
inference from theoretical studies. However, the latter,
as a mind process that can even be individual, not
necessarily brings to outcomes already shared by the
Community. On the contrary, a measurement process is
such that its outcomes are not limited to provide results
but also require to be socially shared, unless
unexpected—i.e., contrasting the current social believe,
in which case further replicated is needed until
sufficient confidence is gained, or is rejected. Therefore,
measurement can transform current ignorance—at least,
by creating a dilemma—uwithout necessarily producing
new knowledge. Even a possible failure of expectations
(e.g., in the biological frame) may also result in a
limitation of ignorance by restricting its frame.

4. Sources of uncertainty:
reproducibility and data objectivity

Metrology =~ promotes  the  repetition  of
measurements as a method for a multiple check of the
degree of consistency of the results, so increasing
confidence in them.

However, quite recently the informatics
technology allowed an extreme increase of the number
of repeated measurements, bringing to what has been
named Big Data [14-18]. That was taken, apparently
also in science, as a favourable step toward more/better
knowledge. Data are usually considered as objective
facts, required as the most important component of
confidence in science foundations— as reported in [19],
that issue has been called Explicate Order by Bohm
[20]: “the way in which our subjective sensory systems

perceive the world”, with respect to an Implicate Order
[21], the one that “would represent the objective reality
beyond our perception”.

The Author [15, 22] have already discussed some
of the limits of the new unconditional certainty in data
sufficient objectivity of the so-called “dataism” (see
later), since it is also a fact that a measurement result is
determined not only by the instruments (in general sense
of “measurement means”) used to obtain it, but also by
the choice, or omission, of factors arising from the
whole planning of the measurement and its necessary
process underlying the measurements. The contribution
to measurement uncertainty of the process choice can
even overcome the contribution of the results of the
experimental setup.

An extreme situation can even arise, quite
commonly recalled in measurement science, where all
measured  values  look excellent, i.e.  very
“reproducible”, but they are all wrong due to missed
consideration of important “influence factors” in
measurement planning/execution.

A consequence of that is the intrusion of further
subjective factors into the measurement process,
consisting of systematic errors. They are unavoidable
since planning itself, arising from human decisions,
affects the level of data objectivity and induce the
persistence of “doubts”—as expressed by the Aristotle’s
motto “Dubito ergo sum”, or implied in the Descartes’
motto “Cogito ergo sum”—the stimulus and engine of
our search for truth.

Consciousness of the above fact is too often missed
obscuring another fact, that the quantity of data available
not necessarily increases the quality of the dataset. The
soundness of the process generating data can be more
important than the increase of the number of results.

Instead, in the new discipline called “dataism”,
[23-24] whose meaning and boundaries are still in
progress, the data are assumed to intrinsically represent
the full information sufficient to bring to knowledge (by
confirming or extending it) through the analysis of a
single parameter: their reproducibility (often called
“precision”)—over the possible trend, obtained by
means of database fit. Such a position assumes that no
further analysis bringing to possible “corrections” of the
previous step is needed: the so-called Uncertainty
Budget (UB), a list of the uncertainty components and
their contribution—a basic need in metrology—would
become limited to comprise only the fit result. In the
metrological idiom, this would mean that accuracy
coincides with reproducibility.

On the other hand, current data analysis often
considers correct for the scientists to perform additional
kinds of operations/alterations on the acquired original
database: homogenisation, extrapolation to fill gaps in
the sequence of the dependent variable, cancellation of
outliers, etc. In this way, the assumed initial objectivity
is anyway filtered by human evaluation.

The previous summary of such a situation,
becoming quite common nowadays, may basically
indicate a tendency of creating alternative ways to

© Pavese F., 2025
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assess scientific knowledge, e.g., one based on new
human tools, possibly now also assisted by the most
recent one, the Artificial Intelligence (Al), for data
planning and subsequent manipulation, in the intent of
minimising the systematic errors.

The Author see in the above tendency the risk to
shift toward a “science of the certainty”, assumed to limit
the concept of “uncertainty”, the present pillar of
measurement science. Symptoms of that tendency are
already present even within the metrological Community.

5. An example within metrological
terminology

Recently a change of the definition of the term
“uncertainty” was performed by the JCGM-WGL1 of the
BIPM CIPM on GUM, now reading: “Doubts about the
position of the true value”. [25]

First, the Author is impressed by the use of words
“doubt”, “position” looking more *“colloquial” than
scientific. If the intent was to closer match the extension
of metrology fields of action to deal with qualitative
quantities, it is exceedingly moving toward merely
(inter)-subjective terms. This choice is compromising
science intent toward an objective evaluation—where
“objective” means the rational side of human thinking
and “evaluation” means the estimate of truth (limited by
the fact that we do not know where the latter is [26]).
Then, that attitude is “mixing of epistemic uncertainty
(the uncertainty of personal doubt) with random
uncertainty (the uncertainty of an unpredictable physical
process)”—see [27] for this problem when concerning
also a different recent metrological document.

Secondly, the Author hesitates accepting the
dominant function expressed by the concept of “true
value”. Science should not embrace any specific
philosophical position for one of its fundamental concepts.

Refusing such a recent position does not
necessarily mean refusing the possibility to accept facts
as true: the simplest example is the roundness of the
Earth ... after for Centuries having alternated theories.
However, relating each single measurement to truth
looks pretending to reverse another basic concept of
modern science, the cross-confirmation of a set of data.
In addition, it is neither an “operational definition”,
another tendency in modern science.

In conclusion, uncertainty does not mean “having
doubts”, but means awareness of the need of organising
a rational tool, called uncertainty, able to contrast the
natural situation of humans to be unable to circumvent
the subjectivity induced by their mind—so that any
means they may invent are, in some respect, imperfect
and may not be suitable to approach truth since the latter
remains unknown in the vast majority of contingent
cases—or for very many generations of humans.

Incidentally, in [25] one can read: “Dr. Ehrlich
(PTB) was of the opinion that the convergence within
WG1 is for the formal definition of measurement
uncertainty to change from a quantitative/mathematical

definition to a qualitative/non-mathematical definition,
which mentions ‘doubt’ or ‘uncertainty’ about the true
value of a measurand. This would change the nature of
the formal definition and its acceptability among the
metrology community is uncertain.”

6. An example of inexact use of
important metrological principles

Symptoms of such a tendency are rapidly
increasing in number and importance—also implied by
the increasing use of non-numerical terms (fair ... good

. excellent ...) to express levels of ignorance of a
measured phenomenon, or kinds of decision.

On the other hand, an increasing use of forecasts,
and of their importance in everyday decision, is also
evident: science tendency has been rather so far more
intended, in first instance, to increase the accuracy of
the data as the main tool to increase the confidence in
the acquired knowledge— forecast was more a political
tool, a human goal guided by varied ethical principles.

A very popular field today is chosen as an example
in the following, the climate evolution field, whose
analysis is certainly based on Big Data, to show how
much easy one can find in the literature a distance from
metrological methodology.

IPCC, from its AR6 Technical Summary [28] is
reporting:

“For the decade 2011-2020, the increase in global
surface temperature [SAMT] since 1850-1900 is
assessed to be 1.09 [0.95 to 1.20] °C.

Throughout the WGI report and unless stated
otherwise, uncertainty is quantified using 90%
uncertainty intervals. The 90% uncertainty interval,
reported in square brackets [x to y], is estimated to have
a 90% likelihood of covering the value that is being
estimated. The range encompasses the median value and
there is an estimated 10% combined likelihood of the
value being below the lower end of the range (x) and
above its upper end (y). Often the distribution will be
considered symmetric about the corresponding best
estimate, but this is not always the case. In this Report,
an assessed 90% uncertainty interval is referred to as a
‘very likely range’. Similarly, an assessed 66%
uncertainty interval is referred to as a ‘likely range’ ”.

The IPCC-indicated value means an increase of the
SAMT from the mean of the period 1850-1900 to the
mean of the period 2011-2020 of (+1.09 £ 0.125) °C,
where the indicated uncertainty is said to have the “90%
likelihood of covering the value that is being
estimated”—i.e. twice the s.d., where s.d. is the standard
deviation. This description, very extended with respect
to the synthetic scientific notation, looks to have been
used because the Technical Summary is dedicated to
politicians—similar attitude one can find in the IPCC
Report concerning “decisions”. [29]

On the other hand, the Author was unable to find
in the thousands pages of the IPCC Reports any other
numerical statement. Nevertheless, the above estimate is
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commonly found in the literature and in the media, with
small variations due to the choice of different reference
limits of the time interval.

Therefore, the author is able to assess here that the
reported estimate is not of the SAMT accuracy and
therefore does not have a metrological foundation. The
Author made several fits of the annual series of SAMT
reported in public databases of different World
Organisations dedicated to climate studies, like
HadCRUTS, NOOA, etc., in addition to IPCC: the s.d.
of the fit was always found to be (rounded) + 0.1-
0.2 °C. Thus, the IPCC value is the reproducibility of
the fitted databases, not the accuracy. By reporting
SAMT estimates comprised within the same s.d. of
those fits, the IPCC cannot consider it to be SAMT
accuracy, neither having a 90% confidence level.

It is not a simple task to interpret such a situation,
because the database on which the statement is done is not
publicly available. What is likely to be is that the original
measurements were supplied by WMO, because it is the
World Organisation dedicated to the task to provide
worldwide weather parameters: the measuring Stations on
the whole Earth are thousands, with a non homogeneous
distribution on land (on oceans most measurements are
taken from satellites using total radiation or microwave
thermometry, not taken in consideration here), nor all
having the same accuracy. Before the recent start of an
overall qualification of their Stations, i.e. since at least
2013, the WMO reported standard accuracy of the stations
was = 1 °C [30-34]. Only later four accuracy categories
were established, where only to Classes 1-2 an accuracy of
+ 0.2 °C is assigned [35], being them a small minority of
the full set of Stations. Class 3 is assigned an accuracy of £
0.6 °C and Class 4 of + 1 °C [36].

On the assumption that the above situation is the
correct one, original IPCC data taken from WMO
cannot allow the SAMT indicated accuracy.
Furthermore, it is also indicated by those World
Organisations that the initial database (WMO or else), is
heavily manipulated with several intentions, as already
introduced at the beginning of this paper:

() In many case the distance on surface between
Stations being too large, additional information is added
by interpolation of the real data with more data; (b)
some Stations are labelled “outlier” and their data are
cancelled; (c) extended regions are not served by (valid)
Stations and need “consistent” data to be evaluated and
added by using mapping techniques; (c) general
homogenisation is said to be also used,; ...
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H eBu3HayeHe MaliGyTHE MeTpo.Jiorii? KomeHnTapi Ta npukiaagu
®. [1aBese

AHoTanist

Komenrapi MaroTs Ha MeTi IPOUTIOCTPYBATH IIOTOYHUI CTaH METPOJIOTI] BIANOBINHO 10 ii MPUHIUIIB i IPOLIEAYp, a came
I[0/I0 BU3HAYCHHS Ta 3HAYCHHSI MOHSATTSI HEBU3HAYCHOCTI y BUMIPIOBAHHI, & TAKOX BBECTH MOEPEKCHHS PO PO301XKHOCTI, sIKi
CTalOTh BCE OLTBII YaCTHMM y 3aCTOCYBAaHHSX, SIKi, SIK IepeadavyaeThCsl, CTOCYIOThCS PaMKH METPOJIOTii, ajle B OCHOBHOMY
MOPYIIYE METPOJIOTiYHI KOHLETIIT.

HaBezneHo aBa npuKkiagy, JOKJIAJIHO HEOOXiAHI AJst TOTO, 1100 MPOSICHATH 1HKOJIHM HE3HA4HI BIAXWICHHS Bifl MPaBUILHOTO
3aCTOCYBAaHHS METPOJIOTIYHMX IIPaBWJI: OJMH BHIIQJOK OyJO 3HAHIEHO B OCTAHHBOMY METPOJIOTIYHOMY JOKYMEHTI: came
BU3HAYCHHS HeBU3HAYCHOCTI; HIIHMI BUMAJI0K 3HAXOAUTHCSA B KPUTHYHOMY BH3HAYCHHI HEBU3HAUYCHOCTI OCHOBHOT'O ITApaMeTpa B
OIIHII 3MiHHU KJIIMaTy: HEBU3HAYCHOCTI, [0 BILUTMBAE HA TIOBEPXHEBY CEPEAHBOPIUHY TEMIEPATypy.

Ku11040Bi ci10Ba: MeTpoIIOrisi, HEBU3HAYCHICTh, KIIIMAT, CEpeIHBOPIUHA TEMIIEpaTypa.
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Abstract

In the paper, we present the multivariate location-scale model connected to the multivariate Birge ratio method, a new
approach to model the dark uncertainty which is usually present when the results of individual studies are pooled together. In the
empirical illustration, the approach is applied to the measurement results used to study the presence of the effectiveness of the
hypertension treatment. The findings are compared to the ones obtained when the multivariate random effects model is used.
Both models confirm that the hypertension treatments can lower systolic blood pressure and diastolic blood pressure as well as
lead to considerable reduction of the risks of cardiovascular disease and stroke. Furthermore, the multivariate Birge ratio method
produces more precise estimators of the overall mean vector by resulting in considerably smaller standard errors and narrower

confidence intervals.

Keywords: Dark uncertainty; multivariate Birge ratio method; multivariate location-scale model; multivariate random

effects model.

1. Introduction

Multivariate random effects model and multivariate
location-scale model are the comonly used approaches for
assessing and modeling dark uncertainty in multivariate
measurements (see Jackson et al. (2010), Gasparrini et al.
(2012), Jackson et al. (2020), Bodnar and Bodnar (2024b),
Bodnar and Bodnar (2025)). The multivariate random
effects model suggests an additive adjustment of the
reported uncertainties, while the multivariate location-scale
model is connected to the Birge ratio method and adjusts
the reported uncertainties in the multiplicative way. We
apply both models to the data which measure the
effectiveness of the hypertension treatment and compare
their ability to assess the dark uncertainty.

The multivariate random effects model generalizes
the univariate approach which is mostly used to conduct
meta-analysis in medicine, chemistry, and metrology
(see, e.g., Hardy and Thompson (1996), Rukhin (2013),
Bodnar et al. (2016), Turner et al. (2015), Bodnar et al.
(2017), Guolo and Varin (2017), Veroniki et al. (2019)).
The multivariate location-scale model together with the
Birge ratio method as developed in Bodnar and Bodnar
(2025) extends the univariate location-scale model and it
is preferable in metrology and physics (see Birge (1932),
Bodnar and Elster (2014), Weise and Wdger (2000),
Tiesinga et al. (2021), Bodnar and Eriksson (2023)).
Recently, using Bayesian model selection, Bodnar and
Eriksson (2023) conclude that the Birge ratio method
outperforms the random effects models based on data
used in the determination of physical constants.

In this paper, we contribute to the existent literature
by comparing the multivariate location-scale model
connected to the Birge ratio method and the multivariate

random effects model. In the comparison study, we
analyse the ability of both models to estimate the overall
mean vector for data used to study the effectiveness of the
hypertension treatment. Both approaches find that the
conducted hypertension treatment lowers both systolic
blood pressure and the diastolic blood pressure and
considerably reduces risks of cardiovascular disease and
stroke. Moreover, the application of the multivariate Birge
ratio method to the considered data leads to more precise
estimators of the overall mean vector by producing
considerably smaller standard errors and narrower
confidence intervals in comparison to the ones obtained
when the multivariate random effects model is used.

The rest of the paper is organized as follows. The
multivariate random effects model and the multivariate
location-scale model together with the Birge ratio
method are presented in Section 2, while they are
applied to the data dealing with the effectiveness of the
hypertension treatment in Section 3. Final remarks are
provided in Section 4.

2. Methods for modeling multivariate
dark uncertainty

We consider a study in which p features are
measured simultaneously. Let x; be the p-dimensional
vector of the measurement results from the i-th study for
i =1,...,n which is reported together with the covariance
matrix U;, the multivariate measure of uncertainty in the
i-th observation vector.

The multivariate random effects model adjusts the
reported multivariate uncertainties additively and it is
defined by

Xi=H + i + & with 2; NNP(O,‘P) and g; NNp(O,Ui), (1)
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mutually independent. Moreover, 4; and &; are assumed
to be normally distributed. The parameter vector W is the
overall mean vector, the main parameter of the model,
while the matrix ¥ is the between-study covariance
matrix, the nuisance parameter of the model (1) that is
used to assess the multivariate dark uncertainty.
Different methods are developed in the literature to
estimate p and W. While Gasparrini et al. (2012) and
Jackson et al. (2013) discuss the frequentist approaches,
Bodnar and Bodnar (2023), Bodnar and Bodnar
(2024a), and Bodnar and Bodnar (2024b) develop
Bayesian methods, recently.

Another method to adjust multivariate
measurements is based on the multivariate location-

scale model, a generalization of the univariate
approach, expressed as
Xi=uht B&‘i with &~ Np(O,Ui), (2)

where the measurement errors ¢4,...,&, are assumed to
be mutually independent. The parameter vector p is
the overall mean vector and it usually presents the
main parameter of the model, similarly to the
multivariate random effects model. The matrix B is a
diagonal matrix with entries by,...,b,. This matrix is
used to adjust the reported unceratinties from the
individual studies in the multiplicative way. If p = 1,
the multivariate location-scale model becomes the
univariate location-scale model and the multivariate
Birge ratio method connected to the multivariate
location-scale model becomes the univariate Birge
ratio method, previously studied in Birge (1932),
Bodnar and Elster (2014), Bodnar and Eriksson
(2023), among others.

The multivariate Birge ratio model has recently
been developed in Bodnar and Bodnar (2025), who
derive the maximum likelihood estimator for the
parameters 1 and B (or b) of model (2). Let b = (b,
,-.,0p)T be the vector of the diagonal elements of the

matrix B and define b = (by%,...,b;')" as the vector
which consist of the inverses of the diagonal elements
of B. Then, we get

(i) The maximum likelihood estimator for B is given by

B = diag(g‘l), 3

where b is a vector with positive elements that solves
the following system of quadratic equations

bO(Qb) =1, (4)
with

1v 1v 1v T
Q= ;ZAiUi_lAi —;Z 4,071 (;Z Ui_1> ;Z u;'a,
i=1 i=1 i=1 i=1

where A; = diag(x;), i.e., a diagonal matrix with
diagonal elements equal to the corresponding elements
of the vector x; and 1, is the p-dimensional vector of
ones. The symbol © denotes the Hadamard product.

(i) The maximum likelihood estimator for [ is given
by

i =%(B)=B(ZL,Ui") T U'B . (5)

Moreover, using the generalized likelihood ratio
approach, Bodnar and Bodnar (2025) derive asymptotic
marginal confidence intervals for each component of
the overall mean vector p which for the j-th component
is given by

C(1y) = [ = waayy2/ o B + Uy 2/ djs] (6)

where ug is the p-quantile of the standard normal
distribution, f; is the j-th element of i, and dj; is the j-

th diagonal element of B(X1-, U,-‘l)_lf?.

It is noted that the system of quadratic equations
(4) cannot be solved analytically in general. One of
possible methods to find the solution of (4) is the usage
of the Buchberger algorithm which is based on the
Grobner basis and is implemented in Mathematica (see
Buchberger and Winkler (1998), Buchberger (2001),
Cox et al. (2015)). However, when p = 2, the system of
quadratic equations (4) can be rewritten as

{Q11l§12~+ Q1251l~;2 =1, 0
q21b1by + q22b3 = 1,

where g;, are the elements of Q for jm = {1,2} with g4,
= ;. Then, the unique solution of (7) consisting of

positive elements in b, is given by

= 1

1 =
by =———=,bp=—————. (8)
q q
\/q_ll 1+\/‘I11:22 @ 1+\/‘I11:22
Another important special case corresponds to
diagonal covariance matrices U;. In this case, the

diagonal elements given by

(%Z?:l xi,j/ui,jj)z

1¢n
7 li=1 /i jj

2
_1yn *ij

qjj = i=
T =y

the inverse of j-th element of b becomes

b; = \/aj
and it coincides with the Birge ratio computed for the j-
the measured feature based on a univariate sample of
measurement results for this feature (see Weise and

Wdoger (2000)). Also, the maximum likelihood
estimator of the j-th component of i becomes

~ o MitaXij/uij)
DLV
which is the weighted mean estimator, widely spread in

the univariate case (see Bodnar and Elster (2014),
Strawderman and Rukhin (2010)).
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3. Assessing dark uncertainty in
measurements for the effectiveness of the
hypertension treatment

In this section, we apply the multivariate Birge
ratio method to assess the dark uncertainty in real data
which consist of the results of ten studies on the
effectiveness of the hypertension treatment. In each
individual study, four features were measured which are
systolic blood pressure (SBP), diastolic blood pressure
(DBP), cardiovascular disease (CVD), and stroke. We
refer to Wang et al. (2005) for the detailed description
of the considered data. Additionally, three approaches
from frequentist statistics are used to infer the
parameters of the multivariate random effects model.

The measurements of each study together with
reported covariance matrices are available Table 1 of
Riley et al. (2015). Some of the provided covariance
matrices however appear not to be positive definite.
These covariance matrices are adjusted by adding a
diagonal matrix with the same diagonal elements to
ensure that all reported covariance matrices are positive
definite. The aim of the study was to analyze whether
hypertension treatments can lower SBP and DBP and
whether these treatments lead to the significant
reduction of the risks of CVD and stroke. The variables
SBP and DBP are defined as differences between the

mean results in the group who received treatments and
in the placebo group (without treatment), while the
variables CVD and stroke are defined as the logarithms
of the hazard ratio computed for the two groups. As
such, negative values indicate the presence of the
treatment effect. Also, the estimators of the overall
mean vector together with the uncertainties obtained by
the multivariate Birge ratio method and the multivariate
random effects model will be compared in this section.

The maximum likelihood estimates for the
parameters of the multivariate location-scale model (2)
are computed as

~9.584 2719 0 0 0
go|-3682)p_( 0 3302 o0 0

-0.112 |’ 0 0 068 0

—0.400 0 0 0 0955

It is interesting that two diagonal elements of the
matrix B are larger than one, while the other two
values are smaller than one, indicating that the reported
uncertainties in the case of the SBP and DBP
measurements are too small, and they need to be
corrected. This is not the case with the uncertainties
reported in the case of the CVVD and stroke variables.

In Table 1, the estimates of the overall mean
vector | are depicted together with their standard errors
and 95% confidence intervals computed for each
component of u separately.

Table 1: Estimates, standard errors, and 95% confidence intervals for the components of the overall mean vector p obtained by
applying the multivariate Birge ratio method derived in Bodnar and Bodnar (2025), the maximum likelihood and the restrictive
maximum likelihood approaches under the multivariate random effects model described in Gasparrini et al. (2012), and the
method of moments under the multivariate random effects model from Jackson et al. (2013).

M1 (SBP) H. (DBP) M3 (CVD) M4 (stroke)

MLE, Multivariate Birge ratio method
estimate -8.79 -4.001 -0.226 -0.388
stand. error 0.506 0.357 0.046 0.073

conf. inter. [-9.783, -7.801] [-4.701, -3.300] [-0.316, -0.136] [-0.531, -0.244]
MLE, Gasparrini et al. (2012)
estimate -10.177 -4.622 -0.232 -0.323
stand. error 0.867 0.497 0.071 0.093

conf. inter. [-11.875,-8.478] [-5.596,-3.647] [-0.371,-0.093] [-0.505,-0.140]
REML, Gasparrini et al. (2012)
estimate -10.224 -4.646 -0.233 -0.321
stand. error 0.927 0.530 0.071 0.095

conf. inter. [-12.039,-8.408] [-5.685,-3.608] [-0.372,-0.093] [-0.507,-0.134]
Method of moments, Jackson et al. (2013)
estimate -9.923 -4.500 -0.228 -0.335
stand. error 0.634 0.394 0.072 0.107

conf. inter. [-11.166,-8.681]

[-5.267,-3.724]

[-0.369,-0.086] [-0.545,-0.125]
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While no large differences are present in the
estimators of the corresponding elements of the mean
vector, the standard uncertainties differ significantly.

The application of the multivariate Birge ratio
method results in the smallest standard errors and
narrowest confidence intervals. This approach is followed
by the multivariate random effect models with the
parameters estimated by the method of moments. Finally,
the widest confidence intervals are obtained when the
parameters of the multivariate random effects model are
fitted by the restrictive maximum likelihood method.

Independently of the employed model to assess
the presence of the dark uncertainty in the considered
multivariate measurements and the method used to
estimate the parameters in the case of the multivariate
random effects model, all results in Table 1 confirm the
presence of the effectiveness of the hypertension
treatments in all four variables. These findings are in
line with the previous results reported in Riley et al.
(2015) who draw the same conclusion by fitting the
multivariate random effects model to the data.

4. Summary

Combining the measurements of individual studies
and the results of the interlaboratory studies into a single
consensus value is an important topic of modern research
with applications in medicine, chemistry, physics,
metrology, among others. The situation becomes even
more challenging when several features are measured in
each individual study and it is reported together with the
covariance matrix, the multivariate measure of uncertainty.
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TeopeTn4Hi Ta NPAKTHYHI ACHEKTH METOY KOPUI'YBAHHS HeBH3HAYEHOCTi 0araToBUMipHUX BUMIpIOBaHb
3a 101moMoroo koeginienra bipre
O. bonnap, T. bonnap

AHoTanist

V¥ crarti MM OpeacTaBisieMo 6araToOBHMIpHY MOJeb MaciuTaby po3TallyBaHHs, IOB'3aHy 3 0araTOBUMIPHHM METOIOM
koedimienra Bipre, HOBUM MiJX0[OM [0 MOJCIIOBAHHS TEMHOI HEBM3HAYCHOCTI, sIKa 3a3BHYail NPHCYTHS, KOJNHU PE3yJbTaTd
OKpEMHX JOCII/KCHb 00'€MHYIOThC. B emmipuuHiil imrocTpaiiii MiAXil 3aCTOCOBYEThCS O PE3YJbTaTiB BHMIPIOBaHb, IO
BUKOPUCTOBYIOTBCS JJIsl BUBUCHHS €(EKTHBHOCTI JIIKyBaHHS TrinepreH3ii. Pe3ynbTaTn NOpIBHIOIOTBCS 3 pe3ysbTaTaMi,
OTPUMAaHHMH TIPH BUKOPHUCTAaHHI GararoBuMipHOi Mozeni BunaakoBux edexriB. OOHIBI MOeNi MiATBEPIKYIOTh, L0 JTiKyBaHHS
rinmepTeH3ii Mo)Ke 3HU3UTH CUCTOJIYHUH Ta MIacTONIYHHN apTepialbHUIl THUCK, a TAKOX MPU3BECTH IO 3HAYHOTO 3HIKCHHS
PU3HKY CEepLEeBO-CyIMHHUAX 3aXBOPIOBaHb Ta 1HCYNbTy. Kpim Toro, GararoBumipHuii meton koedimienta bipre mae Tounimmi
OL[HKHM 3arajbHOTO CEPEeJHBOr0 BEKTOpA, L0 MPHU3BOAMTH JIO 3HAYHO MEHIIMX CTAHIAPTHHUX NMOMMIIOK Ta BYXKYHMX JOBIPYHX
IHTEepBaJIiB.

KniouoBi c10Ba: TeMHa HEBH3HAUCHICTH; OaraToBUMIpHUH MeTox KoedinieHTta bipre; 6araroBuMipHa MoJenb MacImTady
MICIIsT; 6araTOBHMIipHA MOJICIb BUITAKOBUX C(EKTIB.
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Abstract. The article concerns the issues of using control charts to study the parameters describing the state of the products
in their production process. The identification of reliability of a decision is based on the assessment of disturbances occurring in
it is discussed. Using is the method proposed by Yevhen Volodarskyi, that was based on Bayesian approach. The influence of
measurement errors and their distribution of probability on the correctness of the decisions taken is considered. In the article two
estimations of conformity of technological process to the norms based on the results of its control are considered. The first
assessment is a-priori probability or reliability of the control result, which is performed before the control procedure and is based
on a-priori data about the process and measurement error. The paper proposes the use of the second assessment, namely the
posterior probability of compliance of the technological process with the norms. This assessment of compliance is performed
after the control result is obtained, when only half of the set of elementary events contributing to the occurrence of one of the
control results is left for evaluation. The use of this estimation allows doubling the statistical reliability of the control result
estimation. The effectiveness of assessing the compliance of the technological process with the standards established for the
uniform distribution of the values of its controlled parameters and their measurement errors is also determined.

Keywords: statistical process control, process quality control, measurement errors, statistical reliability of decisions,
conformity assessment, probability of Bayes, a-priori and a-posteriori probability, Python data modeling.

through comparison of process characteristics or
indicators with pre-defined requirements [9, 10]. Based
on the functional purpose of the product, standards are
established or calculated. Compliance testing is used to
determine the actual state of the product, that is,
whether it conforms to the standards [9, 11].

Quality assurance is based on creating quality
through the production process, not by inspecting its
results. The detected non-conformity is an event that has

1. Introduction

Product quality is determined by the conformity of
all technical parameters of the technological process to
predetermined norms and standards. In addition, to
ensure product quality, it is necessary to control the
conformity of manufactured products with the
requirements of these norms and standards. In
production, this control is carried out by measuring the

relevant characteristic parameters of the technological
process and the manufactured products.

Randomness of destabilizing factors leads to
dispersion of values of characteristic parameters of
products in production processes. The randomness of
the deviation of the parameters is based on the specific
theoretical law of distribution of the possible results [9].

Conformity assessment is all about gaining initial
information about a given process's current state

already occurred and cannot be prevented, so it is
always too late to inspect. However, the occurrence of
nonconformities can be prevented by proactive
management of process characteristics [9].

Assessment of compliance of technological
processes or manufactured products with the norms is
very often performed with the help of control charts
[12]. The use of the tool of control charts for conformity
assessment implies the absence of errors in the

* Doctor of Technical Sciences Yevhen T. Volodarskyi, Professor of the National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute” in Chair of Information and Measuring Technologies, died suddenly on February 9, 2025, in

Kyiv at the age of 80 in the fullness of his creative power.

Prof. Ye. Volodarskyi awarded by the President of Ukraine “Honored Lecturer of Ukraine”, was also President of the

Academy of Metrology of Ukraine association, Chairman of the sub-commission “Metrology” at the State Accreditation Agency
of Ukraine, senior member of IEEE, and member of the international scientific council of the Polish journal PAR (Measurement
Automation Robotics.

During all his professional live he initiated, work himself, and managing the new research problems in the Measurement
Science up to the last moments of his hard-working life. He used the current statistical approach to errors and uncertainties of
measurements according to convention of guide GUM [1] and always based on the newest world literature. This activity covers
accuracy problems of the technical inspection, and the development of methods for assessing the accuracy and reliability of the
continuous production process control including measurement systems based on different types of control cards.

Prof. E. Volodarski is author of several books and over 300 publications. As an example, during last 15 years only, together
with metrologists from Ukraine and Poland, including authors he published over 60 international publications, mainly in English
and Polish. Some last works [2-4], [5-9] are given in the literature of this paper.

Prof. E. Volodarskyi also initiated and participated in the formulation and development of this work.
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measurement results of characteristic parameters of the
technological process/product or the absence of
significant influence of measurement error. In fact, the
uncertainty of measurement results is present in real
measurements and is often not considered when
controlling production using control charts.

Ignoring the uncertainty of the measurement result
can lead to the fact that the qualitative assessment of the
state of the technological process/product may be false
and not correspond to the true state. Uncertainty of the
measurement result leads to uncertainty of decision
making about process/product compliance. This paper is
concerned with the study of a method to improve the
statistical reliability of the estimation of conformity of
the technological process to norms. The approach
considered was proposed by Prof. Ye. T. VVolodarskyi.

A priori probabilities based on facts that have been
confirmed over time are used as the initial information for
assessing compliance. Based on established knowledge
about the problem being modeled, the facts can be
evaluated. The initial information in the design of
information and measurement systems is the a-priori
probability of conformity assessment. These are related to
characteristics of technological procedure. In order to
obtain data on the progress of the process, a measurement
procedure is used that is known to be error prone. The
state of the technological process is adequately reflected
by the results of control and measurement operations if
the measurement errors are insignificant. Erroneous
decisions are absent in this case [9].

Issues related to the influence of systematic
additive measurement error, when it does not occur in
the production process, are considered in the monograph
[12]. It is assumed that the presence of a constant error
can be considered in the calibration of control charts
when determining the so-called empirical control limits.
An additive error in the law of distribution shifts the
control values of the technological process. Erroneous
decisions may occur regarding the process [9].

The article [13] examines the criteria for identifying
measurement errors during process control. Identifying
control points and their locations allows for identifying
measurement error impact at the start of process
disturbances. The subsequent phase in enhancing the
reliability of process control entails the consideration of
the impact not only of the additive component of
measurement errors but also of the multiplicative
component during the calibration of control charts [9].

A study [2-4] analyzed the probability and nature
of erroneous decisions with a real characteristic of
measurement transformation and considered also
methods to increase the reliability of decisions.

The likelihood of incorrect decisions based is on the
assumption that one event may happen, using the Bayes
approach to reduce the number of potential causes by
twofold. This increases the reliability of decisions [14, 15].

When taking into consideration the outcomes that
are tainted by bias, the corrections applied to decision
errors, the reproduction of the general population, and

the determination of the probability of a true positive
result, the primary advantages of the Bayesian approach
become evident [16]. The Bayesian approach estimates
event probabilities based on experimental data. It uses
prior knowledge to calculate probabilities of events [9].

2. Process quality control

In this paper we will consider the case when the
compliance of the technological process with the norms
is determined by one parameter x. This parameter is
characterized by the nominal value x,,,,,,, which ideally
should reproduce the parameter x and which is defined
by the standards for production.

During production, the controlled parameter's value
differs from its nominal value, varying across objects due
to production errors and unstable factors. These errors
result in random values, making compliance difficult
[17]. Limits x; and x, are placed on these values. A
conformity assessment procedure is performed to
determine if objects comply with the standard [18].

The paper assumes that the random variable of the
process parameter x has a uniform distribution law. The
permissible values of the characteristic parameter x are
defined by the production standards. Finding the value
of the parameter x in the range of permissible values
indicates that the technological process is normal and
complies with the standards for production:

X < x < xy Q)

where x;: lower boundary of the range of permissible
values of the characteristic parameter of the
technological process; x,,: upper boundary of the range
of permissible values.

The paper considers the case when the boundaries
of the range of permissible values (1) are symmetric

with respect to the nominal value x,,, = % In

addition to the permissible values of the parameter x,
which are allowed by the norms in the production, the
value of the parameter x can go beyond the permissible
range (1) and accordingly take values inadmissible by
the standard. Let's assume that all possible values of the
characteristic parameter of the technological process x
belong to the range of possible values with lower
boundary x,,;, and upper boundary x,,,,,., respectively:

Xmin =x< Xmax- (2)

In addition, we assume that the limits of possible
values (2) of the parameter x are also placed
symmetrically with respect to the nominal value x,,,,.
Let's introduce a value which characterizes the length of
the interval of permissible values N = x,, — x;. Also, let
us introduce H = X,0m — Xmin = Xmax — Xnom» Which
characterizes the half-range of the range of possible
values of the parameter x. Fig. 1 shows the graphical
representation of the entered values and the
corresponding permissible and possible range of values
of the parameter x.
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Fig. 1. Ranges of values of the characteristic parameter x of the technological process

Process control involves measuring a characteristic
process parameter x and a measurement result z:

z = z(x).

3)

The result z of the characteristic parameter x
measurement is used to construct control charts.

As indicated in the extant literature, including the
works of experts such as [19], control charts have been
employed for a considerable period to evaluate the
conformance of technological processes to specified
standards. The nominal value of the characteristic
parameter is assumed when constructing the control
charts, provided that the technological process is in a
statistically controlled state [18]. As illustrated in Figure
2, this nominal value corresponds to the center line (CL)
on the graph. The nominal value undergoes -either
reproduction or calculation. The upper UCL and lower
LCL limits are relative to CL (see Figure 2). These lines
are referred to as "action lines."” These lines represent the
limits of the tolerance interval, i.e., the permissible
deviation and the characteristic parameter from the
nominal value. The tech process conforms to standards
(1) [20] because its parameter is in the tolerance interval.

Fig. 2 shows a control chart on which the
measured values z; (3) of a characteristic process
parameter x are plotted.

Fig. 2. Process control chart

On the other hand, over time the aging of the
production element base can lead to non-compliance of
the technological process with the norms, but in this
paper, we will be interested in the event of the process

fault occurrence at some point in time and the appearance
of the corresponding signal from the control chart.

For the sake of simplicity of mathematical
calculations, in this paper it was decided not to consider
that control charts are used for random processes
distributed beyond normal law.

3. Assessment of the result of process
control

Let's consider the influence of measurement error
on the measurement result on the basis of which decisions
about the state of the technological process are made. In
this paper we will consider additive random measurement
error y. Then equation (3) of the measurement result z of
the parameter x will have the form:

z=x+Yy. 4)

3.1. No measurement uncertainty

Assuming that there is no measurement error y = 0,
then the measurement result (4) will correspond exactly to
the value of the characteristic process parameter:

Q)

As a result of the conducted control, the researcher
decides about the state of the technological process. As
already mentioned for this purpose he uses control charts,
which are built on the measurement data of characteristic
parameters of the technological process. In the ideal case
of no measurement error, the measurement result
corresponds to the value of the technological process
parameter and the decision made corresponds to the
actual state of the technological process. In this case,
there are two possible outcomes of control:

e event A: the technological process is normal
and complies with standards,

e event A: the technological process is faulty
and does not meet the standards.

These outcomes constitute a complete group of
mutually exclusive events:

zZ = X.

(6)

And accordingly, the probabilities of these events
(6) satisfy the expression:

0, ={A,4}.

P(A) +P(A) =1. 7)

The event A will occur if condition (1) is met, i.e.
the measurement result z of the process parameter is

within the range of acceptable values. The event 4 will
occur if condition (1) is not met.

18
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The random nature of the parameter x change
leads to the possibility of calculating the probability of
occurrence of each of the possible events (6) when the
expression (7) is fulfilled. These events (6) are the same
both for the actual state of the process before the control
and for the result of the conducted control, due to the
absence of measurement error (5). The probabilities of
occurrence of events (6) depend only on the values of
the characteristic parameter x of the technological
process and the boundaries of the intervals (1-2), i.e. on
the state of the process itself.

The probabilities of occurrence of events (6) are
favored by the size of the corresponding interval into
which the parameter x value falls (Fig. 1). Therefore,
the probabilities of occurrence of events (6) are
proportional to the lengths of the corresponding ranges
(Fig. 1). To calculate the probabilities (7) for the
uniform law of distribution of the parameter x, it is
necessary to determine the sizes of the corresponding
ranges that favor events (6). The expression for
probabilities (7) is given in Table 1.

Table 1. Probabilities (7) of the occurrence of control results (6)

A

A

P(A) =P(x;<z<x,)

P(Z) =Pl(xmin <z < x) U (x, < Z < Xppar)]

P(A) = f “f 0dx

P(A) =f ' (x)dx+f " 0dx

Xmin

x,—x; N

Xy Xu
P(A)=j fl(x)dx=f ﬁdx= H H

X1 X1

P(4) = f Y f@dxt f T Oy =

Xmin Xu
J‘xl 1 Xmax 1
= ——dx + J. ——dx =
Xmin 2H Xy 2H
:xl — Xmin | X¥max — Xu — 2H - N=1 _i
2H 2H 2H 2H

P(A) =S, =hN = N
AT M TR

P(Z) = SZ = h(x; = Xmin) + h(Xpmax — %) =
:h(xl — Xmin T Xmax — xu):
2H-N __ N

= h(Xmax = Xmin — [y — X)) = BT YT

In this case, to calculate specific numerical values
of probabilities (Table 1), it is necessary to know the
corresponding distribution density f;(x) of the
parameter x. If the distribution law of characteristic
parameter x values is uniform and, accordingly, there

are limits of possible values of this parameter (1-2),
the probabilities of occurrence of control events (6)
will depend on the ranges of parameter x values,
which correspond to these events, and the value of
the probability density f; (x) of distribution (Fig. 3).

r()4 p(A) p(a) P(A)
<+ N >
h 4+
\ 2 -~
0 xmin XJ' nom xu Xmax X
< H |4 H »

Fig. 3. Probability density f; (x) of the parameter x distribution

The probability density f; (x) of distribution of the
characteristic parameter x of the technological process
on the basis of (Fig. 3) will be constant f;(x) = h. The
expression for calculation of the distribution density

f1(x) on the basis of (Fig. 3) and boundary values (1-2)
will have the form:

1 1 1

filx) =h= = =—.(8)

Xmax—Xmin  Xnom+H—(Xnom—H)  2H
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The values of probabilities (7) will be calculated
on the basis of integrals of probability densities for
integration ranges (1-2) and will have the form (Table
1). Using the probability density function of the
parameter x (8) we can obtain the corresponding
expressions of probabilities (7), the calculation of which
is presented in Table 1. As can be seen, the expressions
obtained correspond to condition (7).

On the other hand, the integral calculates the area
under the probability density f; (x) line and between the
boundary values (1-2). Under the uniform law, this
probability density f; (x) is described by a straight line
that is parallel to the parameter x value axis (Fig. 3). As
a result, the procedure for calculating the integral can be
replaced by calculating the areas of rectangles (Fig. 3)
P(A) =S, and P(A)=S; The corresponding
calculations are summarized in Table 1.

3.2. Presence of measurement uncertainty

The presence of uncertainty in the measurement of
characteristic parameters of the technological process
leads to the appearance of uncertainty in the assessment of
compliance of the technological process with the norms.

Measurement errors of the characteristic parameter
x of the technological process by real measuring devices
lead to the appearance of deviation of the measurement
result z of the parameter x from its actual value.
Therefore, the measurement result z will depend not only
on the parameter itself x (3), but also on the measurement
error y of this parameter. In this paper, we will consider
only the random additive error of measurement (4).

Let us assume in the paper that the random
measurement error y has a uniform distribution law
(Fig. 4) with probability density f,(y):

1
£O) =5 ©)
where u is the maximum value of the measurement error
fy

Fig. 4. Density distribution function of measurement
error

The presence of measurement error y leads to the
fact that as a result of control the decision made about
the compliance of the technological process with the
norms may diverge from the actual state of the process.
Thus, the result of the process control procedure leads to
the following elementary events:

e event B: the technological process is normal and
complies with the standards:

e event B: the technological process is faulty and
does not comply with the standards.

Since the measured value z should correspond to
the given norms (1), the calculations of the probability
of occurrence of events B and B coincide with the

expressions from Table 1. The integration ranges will
accordingly be the same as for x (Fig. 3).

Since the actual state of the technological process
(Tab. 1) may differ from the control result, the result is
combinations of elementary events, the set of variants of
which can be described by the following expression:

Q ={AB,AB,AB,AB}. (10)

The significance of each event (10) can be
characterized by:

e the AB control result corresponds to the actual
state that the process conforms to the norms,

e the AB control result corresponds to the actual
state that the process does not correspond to the norms,

o the AB result of the control does not correspond
to the actual state that the process is normal, but the
result of the control shows that the process does not
correspond to the norms,

o the AB result of control does not correspond to
the actual state that the process does not correspond to
norms, but in the result of control, the decision
corresponds to norms.

The outcomes (10) constitute a complete group of
mutually exclusive events (Table 2):

i P =1 (11)

The set of outcomes that lead to the occurrence of
events (10) are obtained by finding the values of the
characteristic parameter x of the technological process
and the measurement result z of this parameter during the
control of the technological process in the corresponding
ranges (1-2). Probabilities (11) of occurrence of events
(10) as a result of control will be proportional to the
intersections of ranges (1-2) that correspond to the
parameter x and the measurement result z (Table 2).

The probability density of the probability
distribution of the values of the control results z will be
a function of the densities of the characteristic
parameter x and the measurement error y: f3(z) =
f3(f1(x),f2(y)). In addition, it is necessary to consider
the joint densities of distributions f,(x, z) and f5(x,y).
The area of integration for finding probabilities (Table
2) will be the plane in coordinates x,z (Fig. 5).
Intersections of the ranges (1-2) give corresponding
rectangular plane geometric figures (Fig.5), the areas of
which are proportional to the probability of occurrence
of the corresponding event (10). The areas of geometric
figures that contribute to the occurrence of complex
events are estimated from Fig. 5.

The probability density f;(x) of the parameter x
value distribution and the density f;(z) of its
measurement result z are dependent, as well as the
corresponding events A and B, because of the dependence
of the measurement result on the parameter x (3). In
order to pass independent events, it is necessary to
substitute in the expressions in Table 2 instead of z its
definition from expression (4). After the mathematical
transformation, the probabilities from Table 2 will be
represented by the expressions given in Table 3.
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Table 2. Probabilities of occurrence of complex events (10)

A A
. P(AB) = P(4B) =
=Pl <x<x)0 (0 <2< %)) = p, (b =<l O B < 2= ) 0]
=4 =y
B P(AB) = P(AB) =
B | _ Py n( B (xl<s Jj j[xu): - b _p ([min € x <x] U [x, <% < Xppaae]) N
Xmin = 2 S XV X S 2= Xnax 21N (Xin < 2 < %] U [y < 2 < X))
z | z 4
A, Xrna
AB _
— = AB \ N
: ' : ' AB
L AR %/
. . /
i - 7
[ 7
-,
Ay Ay N
e o — o
‘-_:_‘-‘-_H_""_"‘-—-—-_.__AB s ‘\ \ \\
xlull xnuﬂ
0 X X, Xpom X X ;; 0 X X, Xoun X, Ko -._'(

Fig. 5. Integration areas for finding probabilities (Table 2)

Table 3. Probabilities of the occurrence of independent events (10)

A

A

PAB) =P [(x; <x<x)N(x <z<x))=
B =P <x<x)N0<x+y<x)=
=P <x<x)N(x—-x<y<x,—x)]

- ) _ ([xmin < x <x] U [y < x < xpax]) ﬁ] —
P(4B) = P, [ N <z<x) -
=p [([xmin =x< xl] U [xu <x= xmax]) ﬂ]:

4 N <x+vy<x)
=p [([xmin S x <x] U [x, <x < xpee]) ﬁ]
4 N —x<y<x,—x)

— <x< n
P(4B) = P, [ Cr < x <x,)
P[ (g <x<x)n _
3 n([xminSx+y<xl]u[xu<x+y5xmax]) B
P[ (i <x<x)N ]
3 n([xmin_xSy<xl_x]U[xu_x<ygxmax_x])

|

N (Domin <z2 <] U [x, <z < xmaxD] -

(Btmin < x <x)J U [, < < eI N -
N ([xmin <z < x] U [xy <2 < 20])

([xmin =x< xl] u [xu <x= xmax]) n ]

N ([xmin S x+y <] U [xy, <x+y < Xpax])

([xmin < x <x] U [y <X < Xppae]) N ]

N(pin —x <y <x;—x]U[xy, —x <y < Xppar — x])

P(AB) =P,

-

|

In the case of independent variables x and y for the
calculation of probabilities (Table 3), the areas of integration
for calculating the probabilities of complex events (10)
become more complicated. In addition to the boundary
values of the intervals introduced above, there appear

limiting functions passing through the boundary points (1-2)

In the case of uniform distribution laws of

independent random variables x and y, to calculate
probabilities (Table 3) we have the joint distribution
density f(x,y), which will be equal to the product of
distribution densities of the characteristic parameter
f1(x) and the additive measurement error f,(y):

Y =Xmin =% V= Xmax — X, V=X — X, fs(,y) = i) (). (12)
and Y =X, —X.
© Kozyr Oleh, Warsza Zygmunt L., 2025 21




Metrology and Instruments
General metrology

1/2025

MeTponorisa Ta npunagu
BaranbHa MeTponoris

The difficulty in calculating the probabilities of
occurrence of the outcomes of the control result (Table 3)
using the procedures of integration of the joint distribution
density (12) was related to the construction of the ranges of
integration of the probability densities of independent
random variables x and y, as well as integration of

YA

expression (12). Despite the fact that the areas of
integration (Fig. 6) of probabilities of occurrence of events
(Table 3) represent flat figures bounded by straight lines,
the determination of specific ranges of integration presents
some difficulty and requires a certain number of
computational operations to calculate integrals.

5 - — A X
: 7
SR A—— e /y/" -

N [ odh

P(AB)N |P(AB) 75
LCL "i,,ﬁ\

L +
) H

Fig. 6. Integration areas for independent quantities x and y from Table 3

Integration of the corresponding areas, which
contribute to the occurrence of events (10), for the entire
range of values x and y, involves certain difficulties,
which are associated with the shapes of geometric
figures. In addition, the measurement errors will have
the greatest influence on the assessment of compliance
of the technological process with the norms at the
boundaries of the range of acceptable values (1).
Therefore, it is expedient to evaluate the compliance of
the technological process with the norms at the
boundaries of the range of permissible values (1).

False alarm AB occurs because of the true value of
the parameter x, which is in the zone of permissible
values (1), possible values of the random variable y
(measurement error) are added during measurement and,
as a consequence, the value of the measurement result z
may be outside the area of permissible values. As a result,
the event B of the control result of the technological
process that it does not meet the norms occurs. Moreover,
the greatest impact of measurement error will be when
the characteristic parameter takes the value x = x,,. Thus,
there is a certain value 7, at which the impact of
measurement error y can be neglected. For a uniform
distribution law of the measurement error y (9), this value
can be taken as n = u. This value n can be used to
introduce additional control limits on both sides of the
boundary values (1). le. at values of characteristic
parameter of technological process equal to the boundary
values x = x; or x = x,, the measurement error will have
the greatest influence. The values of additional control
limits for the boundary values (1) are given in Table 4.

+

Table 4. Additional control limits

X =x X =Xy
r_ _ 1o _
X =X n, Xy = Xy n,
x| =x,+1. Xy =X, +1.

Introduction of additional control boundaries
allows to reduce the volume of control and measuring
operations without loss of statistical reliability of the
decisions made. Graphical location of additional
control boundaries (Table 4) in relation to the
boundary values of the interval of acceptable values
(1) is shown in Fig. 7.

The control limits are located symmetrically with
respect to the lower and upper LCL and UCL action
lines of the control chart, which corresponds to the
boundary value (1) of the range of permissible values

(Fig. 7).

o rcL P(a) UCL

A) = N i p(A)
\ \a

N\ /

P(

7

0 Xoin n n Xoom 1

XX % X', X,

H T H
Fig. 7. Introduction of additional control limits
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4. Assessing the plausibility of the result
of process control

In the article two estimations of the result of the
technological process control were used: a priori and
posteriori. A priori estimation of the control result
characterizes the reliability of the control result, i.e. the
conformity of the adopted decision to the actual state of
the process. This estimate is calculated before the control
procedure based on the known distribution laws of the
characteristic parameter x of the technological process
and measurement error y. In addition, the main source of
a priori information are standards and norms that are used
in industry for a given technological process.

A posteriori estimation of the control result
characterizes the plausibility of this result, i.e.
confidence in the accepted result or the probability of
making a correct decision. This estimation is performed
after the control procedure, when the control result is
known. In this case, two events occur as a result of
control: the process complies with norms B and does

not comply with the norms B. Each of these events is
favored by two events from the set of outcomes (10).
Thus, the event B is favored by events (10):

P(B) = P(AB) + P(4B). (13)

The event B is favored by the following events (10):
(14)

Thus, any control outcome (13-14) will be favored
by only two events (10). A posteriori estimation of the
control outcome (13-14) allows us to reduce the set of
possible events (10) by half and consider only those
events that favor it.

We will further consider the probability of making
a false decision on the compliance of the technological
process with norms. In other words, we will estimate the
probability of erroneous decisions:

o P(AB) probability of the false alarm,

o P(AB) probability of the undetected alarm.

The a-priori probability of occurrence of any of the
control outcomes (10) corresponds to the product of the
unconditional probability of one of the events by the
conditional probability of the other, provided that the
first event occurred (Table 5) [4].

Let us consider the reliability of estimation of the
control result of non-compliance with the norms B. It
takes place under the following circumstances [14]:

e The object actually complies with the norms A
(the technological process is in a statically controlled
state), and the evaluation result, after the measurement
procedure, carries false information. As a result, a
decision about non-compliance with the norms B is
made. That is, the influence of measurement error y
leads to the occurrence of false alarm the probability of
which is determined (Table 5);

e The object in reality does not correspond to the
norms A and as a result of evaluation the decision about

P(B) = P(AB) + P(4B).

non-compliance B is made, which correctly reflects its
functional state. That is, although the error y affects the
measurement result z, but there is no erroneous decision
(Table 5).

Table 5. A priori probabilities of conditional events
(13-14)

A A

B | P(AB) = P(A)P(B/A) | P(AB)=P(A)P(B/A)

|

P(AB) = P(A)P(B/A) | P(4B) = P(A)P(B/4)

In Table 5, in the expressions for determining the
probabilities of complex events (10), the conditional
probabilities of the following events are given:

e P(B/A) the correct conditional probability of
deciding on the conformity of the technological process
to the norms;

e P(B/A) correct conditional probability of
deciding about non-compliance of the technological
process with the norms;

« P(B/A) false conditional probability of deciding
that the technological process does not comply with the
norms, while it does comply with the norms;

o P(B/A) false conditional probability of deciding
that a technological process conforms to norms while it
does not conform to norms.

Multiplication of the absolute probability of an
actual compliance event by the conditional probability
of the process control outcome (Table 5) is the a-priori
probabilities of inconsistent events (10). For example,
P(A)P(B/A) is the a priori probability of a false alarm.

Let us perform a posteriori estimation of the false
decision probability for both events B and B using the
Bayesian approach. Let us evaluate the plausibility of the
obtained result. That is, consider what part of the false
outcome is present in the decision. Based on the probability
of the occurrence of the outcome B (13) and conditional
events (Table 5), we estimate what fraction of the false
decision (undetected alarm) is present in the result B (Table
6). Also, the fraction of false alarm in the decision B (14)
when considering the conditional events (Table 5), i.e. the
plausibility of this result, is given in (Table 6).

An undetected alarm, that is, the technological
process does not actually meet the norm A4, and the
solution, after the conformity assessment procedure, is
recognized as suitable B. But the evaluation result B
may appear when the object actually complies with the
norm A. Thus, in order to assess the plausibility of the
obtained result B of the evaluation of non-compliance
with norms, it is necessary to:

e estimate the a priori probability of an undetected
failure P(AB);

e estimate how much we can trust the obtained
result about suitability, i.e. to determine what part of the
erroneous decision as a result B.
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Table 6. A posterior probabilities of false decisions

B B
— _pP(aB) _  P(4B) ) — P(AB) _ P(AB) -
P(A/B) = P(B) _ P(AB)+P(4B) P(4/B) P(B)  P(AB)+P(4B)
p(A)P(B/A) _ 1 1 - P(A)P(B/A) _ 1 _ 1
P(A)P(B/A)+P(A)P(B/A) 1+%  1+kg P(A)P(B/A)+P(A)P(B/A) 1+£E:?+g//j§ 14k
K, = DADPEB/A e = PAVP(B/A)
B p(a)p(s/a)y B~ p(a)p(B/A)

The posterior probability P(A/B) represents
confidence in the result B obtained that the process
complies with norms or the posterior probability of the
plausibility of the compliance decision (Table 6).

The same applies to the posterior probability of
nonconformity ~ P(A/B), which evaluates the
plausibility of the decision on nonconformity (Table 6).
In Table 6, for the control outcome B in the numerator
is the absolute a priori probability of receiving a false
decision on nonconformity. In the denominator there is
the sum of probability of complex events forming the
outcome B. Thus, the probability P(4/B) shows what
share of the erroneous decision on non-compliance of
the technological process with the norms makes up in
the accepted decision B, i.e. corresponds to the
confidence in the obtained result of conformity
assessment.

The posterior probability as well as any probability
varies in range 0.1. Let's consider the limit values of
expressions for posterior probabilities (Table 5). Let's
consider for example the limit values of the posterior
probability of false alarm P(A/B) (Table 6):

o P(A/B) = 0 a-posteriori probability that there is
no false alarm, i.e. the technological process really does
not comply with the norms. This is possible when the

coefficient k5 tends to infinity limkﬁqm% =0. The

kz
coefficient  kz = ig’:g — oo tends to infinity,
limp(45)-0 % = oowhen the a priori joint probability

of false alarms P(AB) is zero;
e P(A/B) =1 the a posteriori probability of the
presence of a false alarm, i.e. the technological process

really complies with the norms. In this case, the

coefficient k5 will be zero 1k_ =1=>1+kz=1>

B

ks = 0. The zero value of the coefficient kz = i(Af) =
(4B)
0 is possible in case the a priori joint probability of non-
compliance of the technological process is equal to zero
P(AB) = 0.
The same can be said for the posterior probability
of undetected alarm P(A/B).

5. Plausibility estimation of the control
result in case of uniform distribution law

Reliability of process control is an assessment of
the possibility of occurrence of one of the four events
(10) of the process control result. This assessment is
an a priori estimate of the correctness of decision
making about the conformity of the technological
process to the norms (Table 3). This assessment allows
to analyze the probability of occurrence of false
outcomes in the result of control based on a priori
information about the distribution densities of the
characteristic parameter of the technological process
and random additive error of measurement.
Appropriate standards are also used to determine
integration ranges for calculating the corresponding
probabilities of complex events (Table 3).

The paper considers the procedure of estimation of
the influence of measurement error on the occurrence of
an erroneous decision as a result of control, namely
false alarm AB. In addition, due to the reasons
mentioned above, we will consider conformity
assessment for the upper boundary of the range of
permissible values x,,.

5.1. A priori probability of false alarms

A priori probabilities of false outcomes of the
control result (Table 3) are calculated on the basis of
integration of the ranges of values that favor the
occurrence of these false events (Fig. 6) using the
boundary values of the ranges of values of the
characteristic parameter and the measurement result
(1-2). Since the measurement error has the greatest
influence on the boundaries of the range of
acceptable values of the characteristic parameter of
the technological process, we will calculate the
probabilities of false events (Table 5) at the
boundaries of the acceptable range (1). Let's calculate
the a priori probability of false alarm P(AB) for the
upper boundary of the permissible range x,. In the
calculations we will consider the introduced
additional control boundaries (Table 4) to determine
the integration ranges of the probability density
function of the characteristic parameter distribution
(Fig. 8).
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Figure 8. Integration ranges of probability density (12)

It follows from Fig. 8 and Table 4 that under the
condition x < x;,, the probability of false failure can be
neglected. Only, starting from x > x;,,, it is possible that
the measurement result will be z > x,,, i.e. a decision of
non-conformity can be made. For this case, the
expression of the probability of making a false decision
about the non-compliance of the technological process
with the norms (Table 3) will have the form:

P(AB) =P/ <x<x )N, —x<y<+wp]=

:P3[(xu_.usxqu)n(xu_x<yg+.u)]- (15)

Let us reflect in the orthogonal coordinate system
the region where the intersection of the x and y regions
can lead to a false alarm (15). In Fig. 8, this region is
shaded with a right-hand slope.The area of the isosceles
triangle a b c in Fig. 8 corresponds to the false rejection.
This area allows us to determine the limits of integration
of the joint distribution density of the characteristic
parameter x of the technological process and
measurement error y (12). According to expression
(15), the a priori probability of false alarm will be:

P(4B),_ = [ G ([, f: 0dy)dx. (26)

Using the accepted distribution densities of the
parameter x and measurement error y (8-9) we calculate

the a priori probability (16):
Xu
P(AB)xu = f fi (%) ( f2 (y)dy) dx=
Xy—H Xy—X
fxu 1 (J-+u 1
= Py — dy) dx =
Xu—H 2H X 2”

= il () e

+u

17
The result of the calculations gave the expression

(17), which consists of the product of the constant ﬁ

- Xy +u
over the integrals fxu_u ( fxu_x dy) dx. Let us calculate
these integrals starting from the inner integral on y:

fx —x y Y|xu—x =p Xyt (18)

As a result of the solution of the inner integral on y
we obtain the equation of the straight line (18). This
equation is integrated by the external integral on x:

[t = ) e = =) [ de [ s

21X

X
—(,Ll - xu)xlxu Ii 2 = (,Ll - xu).u +
Xu—H

_2pP-2xypaxf-xfraxyu—p? _ pd
2 2’

X —Ceu—)? _
2

(19)

As a result of calculations of integrals on x and on
v (18-19) we obtained

fotu (Ll dy)ax =15

Thus, the a priori false alarm probablllty (16) as a
result of integrating the joint probability density
function over the ranges (Fig. 8) based on the obtained
expressions (17-20) will be as follows:

X + 1
L (% dy)dy= o
4Hp Yxy—p1 \Yxy—x 4Hu 2 8H

The calculation of the a priori probability of false
alarms or confidence of control using the joint
probability density integration procedure (12) was a
relatively simple procedure (21). The calculation of
other a-priori probabilities (Table 3) involves significant
difficulties in setting the ranges of integration of the
joint probability density function (12) and then
calculating the corresponding integrals. A simplified
calculation procedure is proposed in the paper.

The integration of the joint probability density
function (12) to find the a priori probabilities (Table 3)
will in all cases have a form similar to the obtained
expression (17). It consists of the product of the

constant E over the integrals (20). The a-priori
probabilities from Table 3 will differ only in the

expressions of the integration ranges of the joint
probability density function (12). Therefore, we take

(20)

P(AB) (21)
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expression (17) as the basis for all expressions for

calculating the a-priori probabilities (Table 3). Let us
introduce notations for the constant in expression (17):
1

= e (22)

When calculating the probabilities (Table 3), this
constant (22) will be always present. It remains to
calculate the integrals (20) for the remaining probabilities
from Table 3. Since the integration areas of the
corresponding probabilities (Table 3) are represented by
plane shapes (Fig. 8), and integrals are by definition the
areas under some curve, let us find the areas of these
integration areas. Let us calculate the area of the isosceles
triangle abc (Fig. 8) for the a priori probability of a false
alarm, since we have already calculated this probability
using integration. The area of triangle abc will be:

g = Cumme _ s Gummle u?
abc — 2 - 2 -

(23)

If we compare the expressions for the area of the
integration region of the false alarm probability (23)
with the results of calculating the integrals (20), we can
see that they are equal to each other. Thus, when
calculating a-priori probabilities (Table 3), we can
replace the calculation of integrals (20), with the
corresponding integration ranges, by the calculation of
the areas of the corresponding integration areas (Fig. 8).

As a result, the calculation of a-priori probabilities
(Table 3) can be represented by the product of the
constant L, which is the product of the values of the
probability densities of the parameter x and the
measurement error y, by the areas of the corresponding
integration region. In the case of a priori probability of
false alarm, this expression will have the form:

p— 2
P(AB), = LSap = ﬁ"? =2 (24)

Geometric interpretation of probabilities of
complex events (Table 3) are volumes of prisms (24),
the heights L of which are the same and are the product
of probability densities of random variables x and y,
and the bases are the areas of integration regions of
these probabilities Fig. 8.

The a priori probability of making a correct
decision about non-compliance of the technological
process with the norms (Table 3) on the basis of

expression (24) will look as follows:

—_— 1 4uH—-4uxy—u?
P(AB)xu = Ldeektmc = M-

4Hu 2

(25)

5.2. A posteriori probability of false alarms

Let us obtain expressions for estimating the
likelihood of the outcome of a false alarm of process
control. This estimate is quantitatively represented by
the posterior probability of a false alarm. According to
the Bayesian approach, the credibility of the decision
that the process is out of compliance, given that the true
state of the process complies, is presented in Table 6. In

Table 6, the expressions for calculating the posterior
probability are presented for calculating the total false
alarm probability. And since we consider the probability
of false alarm for the case of influence of measurement
error y on the measurement result z of the parameter x
at the upper boundary of the range of acceptable values
Xy, the expression of the posterior probability of false
alarm (Table 6) in this case will be:

P(AB)Xu (26)

P(A/B),,, = 3w, e,

In our case, when the laws are uniform (8-9), the
complex event probabilities (Table 3) correspond to the
prism volume (24-25) with height (22) and base areas
(23) according to Fig. 8. Accordingly, the value of the a-
posteriori probability of non-compliance of the process
with the norms can be written by the expression:

P(A/E)xu _ LSabc

LSabctLSpdektme

— Sabc (27)

SabctSbdektmc

To establish the plausibility of the erroneous
decision about the non-compliance of the technological
process with the norms (26), we will calculate the areas
of the bases of the corresponding prisms (27). We will
consider the area corresponding to the a priori
probability of erroneous alarm (23) and the area that
corresponds to the a-priori probability of making a
correct decision about non-compliance of the
technological process with the norms Sy ereme. Based
on the expression (27) we obtain:

o Sabc
P(A/B) =—"%¢
( / )x: Sabc +deektmc
©
S =—* (28)

w

. +4uH—412Mu—u2 T a(H-xy) "

By calculating the posterior probability
(plausibility) of making an erroneous decision (28), we
increase the probability of assessing compliance of the
technological process with the norms by performing a
statistical evaluation of the erroneous failure, i.e., we
clarify the erroneous failure. Like any probability,
expression (28) must fulfill the condition:

u
0 E-<1

(29)

Let us consider the extreme cases of condition
(28). When the a posteriori probability of making an
erroneous decision about the non-compliance of the
technological process with the norms is:

* P(4/B)_ =0 itis possible in the case when u =
0, that is, the absence of additive random measurement
error, and hence the absence of false rejection (21);

P(AE)X
% = 1 =
P(AB)xu+P(AB)xu
P(AB)Xu = P(AB)xu +P(AB_)xu and it is possible if
there is no probability P(AB) and means that in
expression (26) in the denominator the probability of

. P(A/E)xu = 1 in this case
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correct decision about non-compliance of technological
process with the norms P(4B), = 0, that s, it is a valid

case of false failure. Otherwise, we can say that the
probability  of the  non-compliance  process
asymptotically approaches zero.

Let us consider a numerical example of assessing the
plausibility of the decision made about the non-
compliance of the technological process with the norms,

i.e. the event B. As already mentioned, both false alarms
and actual non-compliance of the technological process
with the norms contribute to the occurrence of the event
B (14). For calculations we will use the obtained
formulas for calculating the a priori probability of false
alarm (24) and it’s a-posteriori probability (28). For the
uniform law of distribution of the characteristic
parameter of the technological process x and
measurement error y, the corresponding boundary
values (1,8-9) are specified. For convenience of
analysis, let us consider not the absolute values of these
boundaries, but those reduced to the value of the half
range H of possible values of the characteristic
parameter x. Let us introduce the following relations:
u

¢ == 6u relative additive error of measurement

reduced to the half range of possible values of the
characteristic parameter,

. %” = dx,, upper limit of the parameter reduced
to the half range of possible values of the characteristic
parameter.

Then, considering the introduced relations, let us
rewrite probability expressions (24) and (28) as:

P(4B), =%, (30)
and
J— _ 6#
P(A/B)M = e (31)

Let us introduce the length of the range of
unacceptable values h,, of the parameter x at the upper
boundary x,, reduced to the half range of possible values
H: 8h, =1 — §x,. Then, expression (31) will have the
form:

P(A/B), ==

Ton (32)

Let us consider the extreme cases for the expressions
of a priori (30) and posterior (32) probabilities, considering
that probabilities take values between 0 and 1. First
consider the extreme cases for eq. (30):

oP(AE)M =0 there is no probability of a false

alarm. This can be the case when there
s

measurement error P(AE)ﬂ =—=0=08u=0;

oP(AE)#= 1. The result obtained is a false

alarm. This can be the case in the following case
B) =3_ - K -
P(AB)”— ~=1=6u=8=_=8=u=8H.

Since the probability of false alarm is an a-priori

is no

estimate P(AE)”, it is not known in advance what the

outcome of the control will be. Therefore, when we
consider a priori probabilities, we deal with four
possible events (10).

Consider the marginal values of the posterior
probability of a false alarm (32). Since this estimation is
performed after the occurrence of a control event, in this

case the process non-compliance event B, two of the

four complex events (10) are favorable AB or AB. The
marginal values of expression (32) will be:

. P(A/E)# = 0. The obtained result B is caused

by the fact that the technological process is really

broken and the event AB is true. In this case
B) =% _ -0

P(4/B), = o = 0= 8u=0; ~
oP(A/B)# = 1. The obtained result B is a false

alarm. In this case P(4/B) = % =1>6u=

46h, =>4 =4(1 - 6x,) > p =41 (1-22) 5 p =

4(H — x,,). In absolute value of the error of measurement
in the length of the interval of unacceptable values h,,
will be % = 48h, = u = 4H8h,,. We can conclude that

in the case of a really false alarm, the value of the
measurement error should be 4 times the value of the
range of unacceptable values of the parameter x.

Let us consider a numerical example for given
measurement error at the level of 10%, i.e. 6u = 0.1.

Then the a-priori probability of false alarm will be

P(AB) =2£=0.0125,ie. 1.25%.
u 8

Let us consider how the a posteriori probability of
false alarm will change in accordance with the increase in
the value of the range of unacceptable values &§h,:

P(A/E)ﬂ = f(8h,). As we can see from (32) the value

&h, cannot be zero, because it would lead to an infinite
value of the posterior probability, and the value of the
probability cannot be greater than 1. This is logical,
because if there is no range of unacceptable values 6h,,,
the posterior probability has no essence, because even in
the presence of error, false alarm is still not possible. We
have already defined an expression for the range of
unacceptable values of the parameter x, so that the

posterior probability of a false failure is 1, i.e. §h,, = %”.
In the case of du = 0.1 the range value is 6h, = 54—“ =

% = 0.025. These are the minimum values of the range

of unacceptable values §h,, so that the concept of
posterior probability can be used. The maximum value of
the range of unacceptable values h, cannot be greater
than H. In this case 6h,, will be equal to 6h,, = 1, that is,
h,, = H. In other words, all values of the parameter will
be invalid. This is not practical value to use. For this
consideration, let's take the value 6h, equal to 6h, =
0.6. We obtain the values of posterior probabilities for
the range of values §h,, = 0.025 ... 0.6. The dependence

graph of P(A/E)# = f(8hy) is shown in Fig. 9.

© Kozyr Oleh, Warsza Zygmunt L., 2025

27



PIA/B)

Metrology and Instruments
General metrology

1/2025

MeTponorisa Ta npunagu
BaranbHa MeTponoris

1.0

0.8

0.6

0.4

0.2 4

0.0 + T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
ohy

Figure 9. Posterior probabilities of false alarms

Let us study the influence of the reduced error su
on the dependence P(A/E)ﬂ = f(8hy), i.e., let us

consider the extended dependence P(A/E)u=

f(8hy,, Su) based on equation (32). Let us set the range
of error values Sy = 0.1...0.5. As a result, we obtain a
family of curves (Fig. 9).

The following conclusions can be drawn from Fig.
9. As the range of unacceptable values §h,, increases, the

probability of a false alarm P(A/E)u decreases. This
occurs due to the fact that the range of acceptable values
H of the characteristic parameter decreases and the
probability P(E)# increases accordingly. On the other

hand, the greater the value of measurement error §u, the
greater the probability P(A/E)# and, accordingly, the

lines of this probability shift upward and to the right,
which can be seen from Fig. 9. Thus, the use of a
posteriori probability or likelihood in estimating the state
of the process during the control procedure allows us to
refine the decision made. Namely, to clarify the
probability of making a false decision about non-
compliance of the object or process with the norms.

6. Summary and conclusions

This paper investigates the
imperfections of measuring instruments on

influence  of
the
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CTaTHCTHYHA OLiHKA HAIHHOCTI pillleHs MPO CTAH KEPOBAHOT0 TEXHOJIOTIYHOI0 MPoLecy HA OCHOBI miAX01y
€. BosionapcbKkoro
Oner Kosup, 3urmynt JI. Bapiiasa

AHoTauist.

VY cTaTTi pO3MIANAIOTHCS MUTAHHS BUKOPHCTAHHS KOHTPOJBHHMX KapT JUIS JOCTIIDKEHHS MapaMeTpiB, IO OMHCYIOTh CTaH
nponykuii B mpoteci ii BupoOHHUIITBa. OOrOBOPIOEThCS BU3HAYCHHS HATIHHOCTI PIIEHHS HA OCHOBI OLIHKH 30ypeHb, IO B Hil
BUHHUKAIOTh. PO3IIITHYTO BHKOPHUCTaHHS METOJY, 3alpoIIOHOBaHOTO €BreHoM BomomapchkuM, sikuit 6a3yeTses Ha GaleCiBCHKOMY
migxoxi. Po3rstHyTO BIUTMB MOXMOOK BHMIPIOBaHHS Ta iX pO3MOJUTy HMOBIPHOCTI Ha NMPaBIIIBHICTh NPUHHATHX pilleHb. Y CTarTi
PO3IIISIAIOTHCS ABI OLIHKY BiIOBIHOCTI TEXHOJIOTTYHOTO TIPOLIECY HOPMaM Ha OCHOBI pe3yJIbTaTiB Horo KoHTpoumo. Ilepia omiHka
— 1€ anpiopHa WMOBIpHICTh a00 HAIIMHICTD Pe3ysbTaTy KOHTPOIIO, sIKa BUKOHYETBCS Iepe]l MPOLETypPOr0 KOHTPOIIO Ta 0a3yeThest
Ha anpiOpHUX JaHUX PO MPOLEC Ta MOXHOLI BUMIpPIOBAaHHS. Y CTAaTTi HPOIOHYEThCS BUKOPHUCTAHHS IPYroi OL[HKH, a came
arocTepiopHOi HMOBIPHOCTI BiJMOBIOHOCTI TEXHOJIOTIYHOrO Mpouecy HopMmaM. LI oriHka BiIHOBITHOCTI BHKOHYEThCSA MicCHA
OTPHMAaHHS Pe3yIbTaTy KOHTPOIIO, KON AT OLIHKM 3aJIMIIA€THCA JIMIIE MONOBHHA HAOOPY €IeMEHTApPHHUX MOJIiH, IO CIIPUSIOTH
BHHUKHEHHIO OJHOTO 3 pe3yJIbTaTiB KOHTPOIIO. BukoprcTaHHs mi€i OIiHKY JO3BOJIAE MOABOITH CTATUCTHYHY JOCTOBIPHICTD OIIHKH
pe3ynbTaTy KOHTpOMIO. TakokK BH3HAYA€THCS E(EKTHBHICTH OMIHKM BiAMOBIJHOCTI TEXHOJIOTIYHOTO IIPOLECY BCTAHOBICHHM
HOpMaM PIBHOMIPHOTO PO3IOALTY 3HAUeHb Oro KOHTPOJIHOBAHKX ITapaMeTpiB Ta iX IMOXMOOK BUMipPIOBaHHS.

KorodoBi cioBa: ctaTuCTHUHHMI KOHTPOJb IPOIECY, KOHTPOJIb SIKOCTI IPOIECY, MOXUOKKM BHMIPIOBAHHS, CTaTUCTUYHA
JIOCTOBIPHICTh pillleHb, OI[iHKa BiINOBiIHOCTI, WMOBipHicTH baiieca, ampiopHa Ta amoctepiopHa WMOBIpHICTb, MOJCIIOBAHHS
nanux Ha Python.
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AHoTanis

Po3misHyTO mporenypy OLIHIOBaHHS HEBH3HAYEHOCTI BUMIPIOBaHb NPH KaliOpyBaHHI 3ac00iB BHMIpPIOBAaHHS BOJIOIOCTI
MOBITPs. 3amKMcaHo BHpa3 U BIAXWICHb MOKa3aHb TIrpOMETpa Bill 3HaYEHb 3aJaHUX T€HEPATOPOM BOJIOTOTO Ta3y E€TaJOHHHM.
OMiHIOIOTHCS BXiIHI BEIMYMHU Ta iX CTaHAAPTHI HEBH3HAYEHOCTi. BUKOHY€EThCS pO3paxyHOK CyMapHOi CTaHAAPTHOI Ta PO3IIH-
peHoi HeBU3HAUEHOCTeH MpH KanibpyBaHHI rirpomMeTpa. CkiaieHo 010/ KeT HeBH3HAUYCHOCTI BUMiPIOBaHb.

Kurouosi ciioBa: kaniOpyBaHHs, METOJMKA KaTiOpyBaHHs, 3acO0M BUMIipPIOBaHHS BOJIOTOCTi, HEBU3HAYEHICTh BUMIPIOBaHb,

OI0JKET HEBU3HAUEHOCTI.

1. Beryn

BaxxnuBy pons mpu 3a0e3medeHH] SKOCTi MPOAYK-
il Ta XapaKTePUCTUK y 0ararb0X TEXHOJOTIYHUX IPO-
necax Bifirpae BoJyioricte. Maiixke y BCIX Taiy3six Ipo-
MUCJIOBOCTI, €HepreTulyi, OYAiBHUITBI Ta CLIBCHKOMY
TOCIIOJIAPCTBI 3aCTOCOBYIOTHCSI IMPOIECH CYLIIHHS Ta
3BOJIOYKEHHSI, IPU3HAYEHI JJIsl 3MIHM BOJIOTOCTI Marepi-
aniB. ToMy KibKiCHE BH3HA4YE€HHsI BOJIOTOCTI TBEpANX
MarepiaiiB, piiMH Ta ras3iB HEOOXiJHE y BCIX raiys3sx
HaIllOHAJBbHOT EKOHOMIKH.

3aco0M  BUMIpIOBaHHS  BOJOTOCTI, Taki SIK,
BOJIOTOMIpPH, TirpOMETpH, Tirporpady  BiTHOCATHCS
3aKOHO/IaBY0 PETYJIbOBaHUX 3ac00iB  BHMIipIOBAIBHOI
texHikn (mami — 3BT) Ta mignsararore mnepiogwmdHiN
MOBIpIi Ta TOBIPHI ICIA PEMOHTY, SKIIO BOHHU
BUKOPUCTOBYIOTBCS Y Cepi 3aKOHOJABUO PETyIIbOBAHOT
METpPOJIOTi, BH3HAYEHOI 3rimHo 3akoHy Ykpainu «IIpo
METPOJIOTI0 Ta METPOJIOTIYHY MisTbHICTH» [1]. Ane, 3ri-
gao cr. 17 [1], 3akonomaBuo peryipoBani 3BT He
MJUIATAI0OTh  TepioNUYHId THOBIPII Ta TOBIPII ITiCIS
PEMOHTY, SIKIIIO BOHU 3aCTOCOBYIOTHCS:

- OpraHaM¥ 3 OLIHKH BiJIOBiTHOCTI (Y TOMY YHCIi
BUINPOOYBAIBHUMH Ta KalliOpyBaJIbHUMH J1ab0paTopismn),
AKpEIMTOBAaHUMHU HAIIOHAJIFHUM OpraHoM YKpaiHu 3
akpenurarii (zami — HAAY) un HarjioHambHUME OpraHaMu
3 aKpeAWTamlii IHIIUX Jep)KaB, [UI1 TPOBADKEHHS
IUSITBHOCTI, CTOCOBHO SIKO1 1X OYIJIO aKpeUTOBAHO;

- HAyKOBUMH  METPOJIOTIYHHMH  LICHTpaMH,
METPOJIOTIYHUMH  IEHTPaAMH Ta KamiOpyBaIbHUMHU
naboparopisiMu, sKi TpoBoAsATH KaniOpyBanus 3BT
BIZMOBiIHO 10 yacTUHHU apyroi crarti 27 [1], crocoBHO
3BT, 110 BUKOPUCTOBYIOTBCSI HUMH TP KaJTiOpyBaHHI.

VY npoMy BUNAaKy 3acOOM BUMipIOBAaHHS BOJIOTOCTI
MJIATAal0Th KaNiOpyBaHHIO. BIiAMOBIAHO 0 YacTUHH
TpeThoi crarti 27 [1] kaniOpyBaHHS Ta OGOPMIICHHS
WOTO  pe3yibTaTiB  MPOBOAATHCS  BINMOBITHO O
HAaI[lOHANBHUX  CTAaHAApTiB,  TapMOHI30BaHUX 3
BINIOBITHAMH MDKHAPOTHUMH T4 €BPOICHCHKUME
CTaHOApTaMH, Ta JOKYMEHTIB, HMPUHHITHX MDKHAPOI-
HUMH Ta PETiOHAJBHUMH OpTaHi3allisiMH 3 METPOJIOTI.

Meta craTTi — po3poOKa NMpoLeaypy OLIHIOBaHHS
HEBM3HAYEHOCTI BUMIPIOBaHb IPH KaniOpyBaHHI 3aC00iB
BHUMIiPIOBaHHS BOJIOTOCTI TOBITPSI.

2. BUKJIa1 OCHOBHOT'0 MaTepiaJy

2.1. 3a0e3nevyeHHs €THOCTI BUMIpIOBaHBb y cdepi
BUMIpPIOBaHHS BOJIOIOCTI.

3rigno JACTY 7679:2015 «Metpomnoris. lepxas-
Ha MOBIpOYHA cxeMa JJIsl 3ac00iB BUMIPIOBaHHSI BOJIOTO-
cTi rasziB» [2] B YkpaiHi cTBopeHo HauionanbHuii era-
JIOH omuHMIb BojiorocTi rasiB — JIETY 05-04-13, skuit
30epiraerscs y JlepxaBHoMy mignpreMcTBi «Bceykpa-
THCHKMI JIep>KaBHUHM HAayKOBO-BUPOOHWYMH LIEHTp CTa-
HAapTu3auii, MeTpoiorii, cepTudikarii Ta 3aXUCTy 1pas
cnoxwuBadiB» (Il «Ykpmerprectcrangapt») M. Kuis.

Jiama3oH BiATBOPIOBaHUX 3HAYEHBb (i3UYHOI Be-
JIMYHAHA Ta PO3MIMPEHi HeBU3HaYeHoCTi (k = 2; p = 0,95)
JETY 05-04-13 craHOBIISATh HACTYITHI 3HAUEHHSI:

- BigHocHa BoJsiOricTh rasiB- Bim 5 % mo 98 %,
U =(0,14-0,24) %;

- MossipHa (06'eMHa) YacTKa BOJOTH - Bix 0,5 MIH" 10
197-10° mw™, U = (1,8 — 0,4) %;

- TemIieparypa Touku pocu - Bix minyc 100 °C mo 60 °C,
U =(0,12-0,17) °C.

3abe3nedyeHHs! NPOCTEeKYBAaHOCTI OAMHUIIL BOJIOTO-
cTi Ta3iB 10 MixHapoaHOi cuctemu onuHALE (SI) mocs-
raetbest KamiOpyBanasm JIETY 05-04-13 B akpenuto-
BaHiil KamiOpyBambHill maGoparopii (Michell Instru-
ments laboratory).

I'irpometpun, sKki  3acTOCOBYIOThCS Yy cdepi
3aKOHOJIAaBYO PETYJIbOBAHOI METPOJIOTii, TOBIPSIOTHCS
3a JICTY 8947:2019 «Merpouoris. I'irpomerpu. Me-
TOJIMKa MOBipKu» [3].

Hapasi BifgcyTHi HamioHaJbHI CTaHAAPTH 3 KaJiOpy-
BaHHS TirpOMETPIB, TOMY, KOXKHa KaJliOpyBabHA J1abopa-
Topis (mami — KJI) po3pobiisie MeTonukn KamiOpyBaHHS 3a
CBOIM PO3YMIHHSM, IO HE CIpUsE 3a0€3IICUCHHIO €THOCTI
BUMIpPIOBaHb y cepi BUMiptoBaHHS BosorocTi. Lle Haouro
BUJTHO, SIKIIIO O3HaoMuTHCA 31 chepamu axpemurarii KJI,
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akpenuroBaHnx HAAY Ha BimmoBignicts Bumoram JICTY
EN ISO/IEC 17025:2019 «3araibHi BAMOTH JJO KOMIIETe-
HTHOCTI BHIIPOOYBAJBPHMX Ta KaTiOpyBaJbHHUX Ja0oparo-
piit» [4], Ha mpeMeT HOPMATHBHUX JIOKYMEHTIB 3 Kauio-

pyBaHHS 3aco0iB BHMIpPIOBaHHS BOJIOTOCTI (BHITHCKA 3i
«Cdep akpeauralriiny nprBeacHa B Ta0mIl 1, qaHi B3ATI 31
caiity HAAY), To MOXXHa BIIMITHTH, IIO0 YCI METOIUKA
KaTiOpyBaHHs € po3poOKamMu J1abopaTopiid.

Tabmums 1 — Bunncka 31 «Cdep akpenuraniiny akpenutoBanux KJI 3 kami6pysanns 3BT BigHOCHOT BosorocTi

Jiamaszon a6o

Pozmmpena

. [lo3nayanus
A TOYKH BUMIpIO- HeBH3HaYe- HOPMATHBHIX
Ne | HaiimenyBanns KJI OO0’ exT KaniOpyBaHHS BaHb, Y IKHUX IIPO- HICTb pMz
; . JOKYMEHTIB Ha METOAN
BOJIUTHCS Kalib- | BUMIpIOBaHb KAniGDYBAHH
pYBaHHS U (k=2) Py
Tirpomerpy BiflHOCHOI BOJIOrOCTI,
1 AIl «YKpMeTpTecT- | rirpoMeTpu NpOTOYHi, TirpOMeTpH Ta (0-99,9) % (0,2 20,0) % MKY 562-36/05
CTaHIaPT» rirporpadu MeTeopoIOTivHi, BUMi- ITpsimMi BUMipIOBaHHS
proBaJIbHI KaHaJIM BOJIOTOCTI
I «/Iainpocranmapt- lrpomerpu _ 0 _ 0 MK [T 06/63-2018
2 METPOJIOTish» BiJTHOCHOT BOJIOTOCTI (10 -90) % (0.8-50) % [psiMi BUMipIOBaHHS
3 JIT «XapkiBcTaHgapT- [punagu anst BUMiprOBaHHS 20 — 90 % 06 % COY 74.3-04725906-
METPOJIOTisD» BiJTHOCHOT BOJIOTOCTi 0 070 0227:2016
3amopizbka Qiis Momnnam
4 | OI1 «Jxinpocranmapr- . puiai . 10-90 % 0,64 % MK 2-06-06:2022
METPOTIOTis) BUMipIOBaHHS BOJIOTOCTI
0/n+ 0/n+
CymMcbka diist 33 é)% 250’/5 % 1,0%
5 |AI «IlonraBactanmaprt- lrpomerpu 20 - z 50 % 1.8% MK.PVY.013:2016
i 0
METPOJIOTis» 50 - < 95 % 1,7%
y .. 0,35-20 % 0,31 %
epkacbka Qiist Hpunann > 20 -50 % 06 %
6 |AII «IlonraBacTanmaprt- TS BUMIPIOBaHHS >50—753% 0‘7 % MK 06-06-05
METPOJIOTisD» BIZTHOCHOI BOJIOTOCTI HOBITPS >75.3- 9’5 % 0:8 %
Bonunaceka dimist OO0iragHaHHs
7 | I «JIbBiBCTAHIAPT- JUTSE BAMIPIOBaHHS 40,0-80,0% 15% MK QM IIX 29-2016
METPOJIOTisD» BITHOCHOT BOJIOTOCTI MOBITPs
OTII «IBaHo- Tirpomerpu, TepMorirpoMeTpu
8 DpaHKIBCBK- Ta KaHaJIM BUMiPIOBAaHHS BiTHOCHOL (10-90) % 1,5% MK 038 P1/05:2023
CTaHIaPTMETPOJIOTisD) BOJIOTOCTI
Kerromupcnka diis BumiproBadi TemiepaTypy Ta BOJIOro-
9 |/ «Binuuuscrangapr-| ' TCPMOTITPOMETPH, Mrporp adu, 15-90 % 12% MK 05-05
MeTponoris KaHaJl1 BUMiPIOBaHb Bi/IHOCHOI BOJIO-
rOCTI MOBITPSI
KIJLTIIT «HB enrp Tepmorirpomerpu
10 | ouinku BixmoBigHOCT PMOTITPOMETD (10 - 100) % (0,6-5) % MK-18
«IOT» Ta rirpoMeTpu
OO6namHaHHS, 110 BUMIPIOE BOJIOTICTh:
11 |KJI TOB «JIAB-TECT» | ncuxpoMeTpH, rirpOMeTpH, BUMIPIO- 0-100 % U=(2-10) % | MK-06-04:01.12.2023
BaJIbHI KaHAJIH Ta 1HIIE
VYcraTkyBaHHS, 110 BUMIPIOE BiJHOC-
12 | I FJ&?K]? él}é[}l)igl%()))ﬂo- HY BOJIOTiCTb, TIrPOMETpPH, BUMIpIO- 10-98,0 % (1,3-2,0) % MK 25,2022
BaJIbHI KaHAJIN
KJI TOB «TECTMET- Bumiprogadi Bosorocti ta temrepa- Booricts Bin 0,7 % ‘MK 05-03
13 PCTAHJIAPT> TYpH, TepMOTirpoMeTpH 3 BOyI0Ba- Bi1 40 % 10 95 % 10 10 % Bim 06.12.2023
HHMMH JIaTYHKaMU besnocepenHe 3piBHIHHS
KJI TOB . . MK-T-02-2019
14 ST — TirpoMeTpy NCUXPOMETPUYHI 20-80% 1,0% TTpsivii BHMipIoBaHHs
0
. Peectparopu Temmneparypu %é 02 KJI-M-7.2-09 Bepeis 1
15 KJI TOB «JIa6 i papma i BLIHOCHOT BONOTOCTI: 50 % 1,3 % abc. Big 02.01.2025,
THOKUHIpIHT» Te Mgrir oMeTpH b B 75 % (abs.) KJI-M-7.2-10 Bepcis 1
PMOTITPOMETPH PP 8 0% Bin 02.01.2025
16 KJI TOB «KCL- T'irpomerpu, kaHaIM BUMIPIOBaHHS (30 - 90) % 20 MK.T.019-2020
Konkopa» BiJIHOCHOT BOJIOIOCTI 0 0 T
BumiproBadi TemmepaTypu Ta BOJIOTO- T a
17 K T%I%I(ég)APH CTi, TEPMOTirPOMETPH, TirpoMeTpH (30-95) % (3-10) % H}l\:l\l/fi :Hl\/[li;}ggi:{[m
TICHXPOMETPUYHI acipariitHi
TepmorirpoMeTpu, rirpoMeTpHu, Tir-
18 KJITIIT «[{EHTP porpadu, peecTpaTopH BOJIOTOCTI, 10 — 90 % 0.92 % MK-03 Bepcis Ne 07
BAJIIJALIIL» KaHAJIM BIMIiPIOBaHHS BiTHOCHOT BO- 0 ' 0 Big 28.03.2025
JIOTOCTI MOBITPS
KJI IIT «PemTexobciy- | . .
19 | rosysanus Ta BUIPOGY- l'irpoMeTpu neuxpomMeTpudHi, Bojio- (20— 90) % (0,5-8,6) % 1I}I/IK 02'{)-01-20
BaAHHS TOMipU BUMIpPIOBAJIbHI KaHAJIH. PSIMHIL METOZ
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Takox, anamiz «Cdep axpemmramii» KJI 3 xami6-
pyBanss 3BT s BUMipioBaHHS BiTHOCHOT BOJIOTOCTI,
MIOKa3ye HACTYITHE:

1 - 6inpwicts KJI y rpadi «YcrarkoBanHs (00’ exT
BUMIPIOBaHb)» BKa3yIOTh MUpoKuid criektp 3BT mms Bu-
MIPIOBaHHS BIJHOCHOI BOJIOTOCTI, JUIS SIKUX HaBEACHI
omHI ¥ Ti cami 3HAYCHHS PO3MIMPEHOI HEBU3HAYCHOCTI
BUMIpPIOBaHb, 10 XapaKTepu3ye KaxiOpyBaJibHI Ta BUMi-
proBanbHi MoxkimBocti (Calibration and Measurement
Capability - CMC) naGoparopii. Take momansst iHdop-
manii npo CMC naGopaTopiii He 03BOJISIE 3aMOBHHUKaM
MOCITYT PO3i0OpaTncs B MIHCHUX KaTiOpyBadbHUX MOKIIH-
BOCTAX JiabopaTopii 3 KaniOpyBaHHS KOHKPETHOTO THITY
3BT ny1st BUMiproBaHHS BiJHOCHOI BOJIOTOCTI ITOBITPS;

2 — mosioBHMHA KayiOpyBaJbHMX Jlabopartopiil 3a-
cTocoByBanmu Mmetox it BupaxenHs CMC - miamazon
BUMIPIOBaHHS, y  LbOMY  BHIAJKY, 3TriHO
ILAC-P14:09/2020 «Ilonituka ILAC mono HeBU3HAUE-
HOCTI BUMIpIOBaHb B KanibpyBaHHi» [5], Tpeba 3abe3me-
YUTH HAJNEXKHY JiHIHY iHTepHoiimito, mobd 3HaWTH
HEBU3HAYEHICTh MPH CEPEHIX 3HAYCHHSIX;

3 — zasBneni CMC KIJI 3HaxonsThesl y TOCUTH HIU-
pokomy miamaszoni Bim 0,31 % go 10 % (CMC
HIT «YkpmerprecTcTaHgapT» HE BPaXxOBYIOTHCS, TOMY
10, HAayKOBHH METPOJIOTIYHUI LEHTp € 30epirauem
JETY 05-04-13), ue cBiguuTh Opo pi3Hi PiBHSHHS BH-
MIpPIOBaHb Ta OI[IHIOBAaHHS HCBHU3HAYCHOCTI BXITHHUX
BEJIMYMH 32 IIUM PIiBHSAHHAMU.

Amnani3 3BiTy mnepeBipku npogeciiHOro piBHS Ka-
nmiopyBampHUX JTAO0OpaTOpii 3 KaliOpyBaHHS TirpoMeT-
piB, Wi KoopauHarielo akpenuroBanoro HAAY Binno-
BigHo mo Bumor JICTY EN ISO/IEC 17043 «Omuinka
BiNOBiqHOCTI. OCHOBHI BHMOTHU JIO0 MPOBEACHHS Iepe-
Bipku kBamidikamii» [6] mpoaiimepa epkaBHOTO ITij-
npueMCcTBa «XapKiBCTaHIapTMETPOJIOTis)), IT0Ka3aB, 110
O0YMCIIeH] YYaCHUKaMH payHIy pO3IIMpEHi HeBH3HAYe-
HOCTI  KajmiOpyBaHHS  CIICKTPOHHOTO  TEPMOMETp-
rirpomerpa Laserliner ClimaCheck simpizusirorscst mik
co0o0r0 Ok HiXK y 12 pasiB. 3 I[bOro MOXKHA 3pOOUTH
BHCHOBOK, III0 NPH PO3PaxyHKy HEBU3HAYEHOCTi BUMi-
pIOBaHb i 4Yac KaJliOpyBaHHS TirpoMeTpa CKIJIaJoBi
OroKeTy HeBH3HA4YCHOCTI omiHIOITHC KJI mo pisHo-
My, IO HPU3BOJMTH JI0 CYTTEBO BiAMIHHHMX PO3MIMpeE-
HHUX HEBU3HAYCHOCTEH.

VY nmporokosiax KayiOpyBaHHSI TiIPOMETPIB JESKUX
akpenuToBaHux KJI, iHOZI MOKHA BHSIBUTH, IO Bioma
MOTMpaBKa HA CUCTEMAaTHYHHIA ePeKT He Oyya 3acToco-
BaHa JI0 3BITHOTO pE3yJIbTaTy KaliOpyBaHHS, a 3aMiCTh
poro Oyia 3pobiieHa crpoba BUKOPHUCTATH Liei eeKT
JUIsl 30UIBIICHHS PO3IIMPEHOI HEBU3HAYEHOCTI, BIIACTHU-
BOI pe3yJbTary.

CkJ1aj0By CTaHAApTHOI HEBU3HAUEHOCTI 32 TUIIOM
B, sxa BBakaetscs KJI, mo BoHa XapakTepusye momnpa-
BKy Ha cucreMatnynuii edekr, KJI HaszmuBaroth mo-
pizHOMY:

- HEBHM3HAUEHICTh, OOYMOBJIEHa 3CYBOM IIOKa3iB
npuiIazy;

- HEBM3HAYEHICTh, BUKJHMKAaHA CyKYIHICTIO BIUIH-
BalouYNX (paKTOPiB CHCTEMAaTUIHOTO XapaKTepy;

- HeBM3HAYEHICTh BiJl HEXTYBaHHS IIOIPABKOIO.

Po3paxoByroun TakMM YMHOM HEBH3HAYEHICTh BH-
MipIoBaHb NpH KaiiOpysaHHi rirpomerpis, KJI 36iib-
IIYIOTh PO3MIMPEHY HEBU3HAYEHICTh, IPU I[bOMY BIac-
HUK TirpoMeTpa, KWl Oyae aHaNi3yBaTH pPe3yibTaTH
KaiOpyBaHHS MO0 BiMMOBITHOCTI TirpoOMeTpa TeXHIU-
Hill crierudikarii, Moke MPUAHATH TOMHIIKOBE pillIeH-
HS PO HWOro HEMPHIATHICTb, BPAXOBYIOUM 3asABICHY
301NIbIIEHY PO3LUIMPEHY HEBU3HAUEHICTb.

Cnin 3ayBaxkuty, mo y JICTY ISO/IEC Guide 98-
3:2018 (ISO/IEC Guide 98-3:2008, IDT) «HeBuznaue-
HiCTh BuMiptoBaHb. YactuHa 3. HacraHoBa oo mo-
JIaHHS HEBU3HAYCHOCTI y BUMiprOBaHHI» [7] 4iTko 3a-
3HA4YEHO, «OILIIHKY HEBU3HAYEHOCTI pPE3YJIbTaTy BHMi-
pIOBaHHS HE CJiJl IUIyTaTH 3 TPHCBOEHHSAM MAOITyCKY
Oynp-sikoi BemmumHM». [Ipm kamiOpyBaHHI Tirpomerpa
OIIIHIOETHCSI CHCTEMAaTHYHA ITOXHOKA TirpoMeTrpa i pos-
IIMpeHa HeBU3HAYCHICTH ii Bu3HaueHHs. Came 11i oOu-
Ba 3HAYEHHS ¥ BKa3yIOThCS y cepTH]ikari kamiOpyBaH-
Hs. HeBM3HaYeHICTh MONPaBKA ISl BIIOMOTO CHCTEMa-
THUYHOTO e(eKTy B JCIKUX BUIIAIKax MOXe OyTH OTpH-
MaHa OIIHKOIO THITy A, B TOH )K€ Yac B IHIIUX BUIIAIKaX
OLIIHKY TUIly B MOXyTb XapakTepu3yBaTH HEBH3Haue-
HICTh BHUIAJIKOBUX €(hEKTiB.

Bapto BigmiTHTH, 1110 MaJli 3HAUYEHHS CHCTEMAaTH-
YHOT MOXMOKHM CBi4aTh NPO MNPaBWIBHICTH BUMIpIO-
BauHs. 3rigHo ACTY 2681-94 «Metponoris. Tepminu
Ta BU3HA4YeHHs» [8], MpaBUIBbHICTH BHMIPIOBAHHS L€
XapaKTepUCTHKA SKOCTI BUMIpIOBaHHS, IO BigqoOpakae
OIM3BKICTB IO HYJIS CHCTEMAaTHYHOI TOXHOKH BUMIpIO-
BaHHA. ToMy, SKIIO TpW KaJmiOpyBaHHI TirpoMerpa
BUSBJICHO 3HAUYyNly CHUCTEMAaTH4YHY IMOXHOKY (OLIHKY
AKOI Ha3MBAIOTh «3CYB»), TO Tpeba 3BaXKaTH, L0 €
MPUIUHOIO 3CYBY, Ta YU MOXHA JJOCTOBIPHO BCTAHOBU-
TH 3Ha4eHHS 3CyBY. BigzHauumo, mo BusBieHui y KJI
3cyB Moke OyTu moB’si3anuii sik 3 KJI, Tak i 3 Mmetonu-
KOO KaniOpyBaHHs. TakuM YMHOM, 3aMOBHHUKY IpOBe-
JIeHHS KaniOpyBaHHs 3ac0o0iB BUMIPIOBaHHS BiJIHOCHOI
BOJIOTOCTI TOBITPsl Tpeba OOOBS3KOBO y CBOIW 3asBIIi
Ha KajiOpyBaHHs BKa3yBaTH, 00 y cepTudikaTi Kaji-
OpyBaHHS BHKOHABEIlb POOMB BHCHOBOK IIIOJO BiAIO-
BIIHOCTI BUMIPIOBAIBHOTO OOJAJHAHHA 3a3HAYCHUM
METPOJIOTIYHUM BHMOTaM.

2.2 Ipouexypa oOmWiHIOBAHHS HEBH3HAYEHOCTI
BUMIpPIOBaHb NpH KadiOpyBaHHi 3aco0iB BHMipIo-
BAHHS BOJIOIOCTi HOBITpS.

KaniOpyBaHHs rirpoMeTpa BUKOHYETHCS MPSIMUM
METOJIOM BIJITTOBITHO JIO CXEMH, HABEICHO Ha puc. 1.

T'eneparop Wi Tirpomerp, W,
BOJIOTOr'O rasy wo kani6py- [—»
€TAJIOHHUI €ThCS

Puc. 1 — Cxema kaniOpyBaHHS TirpomMerpa

CxutafaHHs MOJIENBHOTO PIBHSHHS KaJdiOpyBaHHS

rirpomerpa.
BinxunenHs: nokasiB rirpomMerpa, o KaniOpyeTb-

ca Wy, cknamaersed 3.
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WX =(WC+oc)—(WS+3S+dgr+38dr), (1)

ne: W — BoJoricTb, BUMIpsiHA TirpoMeTpoM, 1o Kajio-
pyerbesi; Ws — BOJIOTICTB, 3aJjaHa TeHEpaTOpOM BOJIOTO-
r0 ra3y eTalOHHHM; Os — MOIpPaBKa, 10 BPaXOBYE TOY-
HICTH eTajyoHa i3 cepTudikara KaxiOpyBaHHS; O — HOM-
paBKa, M0 BPaXxOBY€ PO3ALIBHY 3IATHICTH TirpOMETpa,
110 KaniOpyeThes; &g — MONpPaBKa Ha IPajieHT BOJOIOC-
Ti y KaMepi TeHepaTopa BOJIOTOro rasy; dqr — IMOIpaBKa
Ha Apei} eTaJOHHOro TeHepaTopa BOJIOroro rasy 3 yacy
HOro monepeaHboro KajiopyBaHHsI.

OLiHIOBaHHA BXiAHUX BEJIMYKH.
OIiHKOI BiJTHOCHOi BOJIOTOCTI, BUMIPSHOI Tirpo-
METpPOM, IO KaliOpyeTbcs, € cepegHe apupMeTHIHE

fioro n. mokazamp W, %:

_ 1 8 ]
Wwe == Wci, (2)
=
[TompaBka Ha pO3IiUTBHY 3aTHICTB TiIrpOMeTpa, Mo
KaJmiOpyeThcs, Ma€ HYJIhOBE MaTEeMAaTHYHE CITONIBaHHS:
5.=0.
[NompaBka Ha zapeli¢ eTaioHHOrO rirpomMeTpa 3 4ya-
Cy MOro momnepeaHbporo KajiOpyBaHHSI Mae HyJIbOBE Ma-

TeMaTn4He criofiBanus: Oy =0.
[TompaBka Ha rpagi€eHT BOJOTOCTI B Kamepi reHe-
paTopa BOJIOTOCTI Ma€ HYJIbOBE MaTeMaTHYHE CIIOJi-

Banns: 8, =0.

OLiHIOBaHHS CTaHAapPTHUX HEBM3HAUEHOCTEW BXi-
JTHAX BEJTMYHH.

CranjapTHa HEBM3HAUEHICTb PO3CIIOBAHHS IOKa-
3aHb TIrpoMeTpa, L0 KaliOpyeTbcs, BU3HAYAETHCS 3a
(dbopmyioro:

uUAIE ) = ;f(WCi—WC)Z, (©)
=1

mn-1) =

CrangapTHa HEBU3HAUEHICTh OIIHKH TIOMPABKH,
00yMOBJICHa PO3IIBHOIO 3aTHICTIO TIrpoOMeTpa, IIo
KaiOpY€EThCsl, XapaKTEePU3yEThCSl MPSIMOKYTHUM PO3IO-
JIJIOM 1 pO3paxoBYyeThCS 3a (POPMYIIOI0:

b
Ug (80 ) = ) (4)
243
ne b — po3mineHa 3MaTHICTE TirpOMeTpa, 10 KaTiOpyeThes.
CranmapTHa HEBU3HAYCHICTh OI[IHKH IIOTIPaBKH,
0 BPaXxOBYE TOYHICTH €TANIOHA PO3PAXOBYETHCS 3a (o-
pMyII0I0:

UB(SS)::(J_Sv ®)

S

ne: Us — posmmpeHa HEeBH3HAYEHICTh TeHepaTopa BOJIO-
TOro rasy eTajJlOHHOTO, B3siTa 3 ceprH(dikara npo Kaio-
pYBaHHS JUIs TOYKH KajliOpyBaHHS rirpomerpa, 1o Kai-
Opyetbest (axmio 3HaueHHs Us 1 ToUukw KamiOpyBaHHS

Oe3mocepelHEO HE 3a3HAYEHO y cepTUdikari, HOro BuU-
3HAYAIOTh IDIIXOM JiHIAHOI IHTepHoJsmii MK IBOMA
BIZIOMMMH CYCITHIMU 3HAUCHHSMH HEBHU3HAYCHOCTI JIJISI
BIATIOBITHOTO JTiara30Hy BUMipIOBaHb Te€HEpaTOpa BOJIO-
roro ra3y eTajoHHOro); Ks — Koe(illieHT MOKPHUTTS, B3si-
THH 13 cepTHdikara KaniOpyBaHHs T€HepaTopa BOJIOTOro
ra3y eTaJOHHOTO.

CraHmapTHa HEBU3HAUCHICTH OILIHKK TIOMPAaBKH,
00yMoBIIeHOT JipeiioM eTanoHHOTo rirpoMeTpa, Xapak-
TEPU3YEThCS TPSMOKYTHUM PO3MOJALIOM Ta PO3PaxoBy-
€TBCS 32 (POPMYJIOL0:

060 = ©

ne Ogr — MeKa, 1110 BiAIOBiJae HOpMaTi30BaHiil cTabi-
JBHOCTI, 3a3Ha4YeHil y cnenudikamii eTaroHHOTO Tir-
pomertpa.

CraHzapTHa HEBH3HAYCHICTH OIIHKHA IIOTPAaBKH,
00yMOBIIEHOT T'pa/IiEHTOM BOJIOTOCTi B KamMepi reHepaTo-
pa BOJIOTOCTi, XapaKTepU3yEThCs MPIMOKYTHHM PO3IIO-
JIJIOM 1 PO3paxoBYeTHCS 33 (OPMYIIOI0:

Oy

UB(Sgr) = \/gr ’ (7)

Je: Oy — Mexi rpajlieHTa BOJIOrocTi B KaMepi reHepaTo-
pa BOJIOTOCTI.

OOyYuclieHHsT CyMapHOi CTaHAapPTHOI HEeBU3HAYE-
HOCTI.

OCKUTBKH MOZETh BUMIPIOBaHb HOCHUTH JIHIHHUM
XapakTep, a BHECKH BCIX BXITHUX BEIUYMH HE KOPEIO-
I0Th OJIUH 3 OJHHM, CyMapHa HEBHU3HAYCHICTh BHUMIpIO-
BaHOI TP KaiOpyBaHHI TirpoMeTpa po3paxoBYETHCS 3a
hopmynoro:

U = JU2OW.) +UZ(3c) +U2(35) +U2(3,) +UZ(3,,) - (8)

OuiHOBaHHg PO3LIMPEHO] HEBU3HAYEHOCTI BHUMI-
DIOBaHb.

Po3mmpena HeBH3HAUYEHICTH BUMIPIOBaHb I KO-
JKHOT TOUKHM KaJliOpyBaHHsI BU3HAYAETHCS SIK:

U=k-u 9)

1e k — koeillieHT MOKPHUTTSL.

VY Bumagkax, KOJIM HOPMaJIbHHH (rayciBCHKUIN)
PO3MOALI MOXKHA BiJTHECTH O BUMIPIOBAHOI BEIUYH-
HHU 1 CTaHJapTHAa HCBU3HAYCHICTH, MOB’s3aHa 3 OIliH-
KOIO BHXIZHOI BEIWYMHM, € JOCTaTHHO HAMIWHOIO,
BUKOPHCTOBYIOTh CTAHAAPTHHUI KOE(ILli€EHT MOKPUTTS
k = 2, mio BigmoBigae WMOBIPHOCTI OXOILICHHS MPHO-
Tu3HO 95%.

Li yMOBH BHKOHYIOTBCSI B OLTBIIOCT] BUITAAKIB, SIKi
3yCTpi4alOThCs Mifl Yac KaniOpyBaHHSI.

bromker  HEBM3HAYE€HOCTI  BUMIpIOBaHb
PO3TIIIHYTOI IPOLIEAYPH HaBEICHO B TaOII. 2.
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Tabnuus 2 — BromkeT HeBU3HAUYCHOCTI BUMIPIOBAaHb NIPHU KalliOpyBaHHI TirpoMeTpa
. 3HavYeHHS CrangapTHi . Bxnamn
Bxigna . ap . Koedimientn A .
BXIiHOI HEBU3HAYEHOCTI . HEBU3HAYEHOCTI,
BEJIMYMHA . Yy TJIABOCTI 0
BEITHMYUHH BXiTHUX BEITHYNH %oRH
WC ch uA (V\_/c) 1 (3)
d¢c 0 Us(Sc) 1 (4)
ds Us Us(Ss) -1 ()
8dr 0 UB(Sdr) -1 (6)
8gr 0 UB(Sgr) 1 (7)
Orinka CranpapTHa
Buxigna e3 HJ'II)TaT c M}:Ell I;a Koediuient Posumpena
a pesy. M ymapHa ! HEBU3HAYEHICTB,
BEJINYNHA BUMIpIOBaHHS, HEBH3HAYECHICTB, OXOTUICHHS % RH
% RH % RH
Wy ) ®) k 9)
3. BUCHOBKH 2. HaBeneno mpornenypy OIHIOBaHHS HEBU3HAUE-
1.  Po3poGka  CTAHIAPTH30BAHHX  MeTOgMK  HOCTI BUMIDIOBAHb IIPH KamiOpyBaHHI rinOMnga. .
KamiOpyBaHHS ~ 3aco0iB  BHMIpPIOBAaHHSA  BiJJHOCHOI 3. CkuazeHo OGIOJKET HEBH3HAYCHOCTI BHMipio-

BOJIOTOCTI TIOBITPS € 3aMOPYKOI0 3a0€3MEYCHHS €JHOCTI

BHAMIPIOBaHb y c(epi BUMIPIOBAHHS BOJIOTOCTI.
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Measurement uncertainty evaluation at air humidity measuring instruments calibrating

Abstract

The procedure for measurement uncertainty evaluation at humidity measuring instruments is considered. An expression for
the deviations of hygrometer readings from the values set by the reference humid gas generator is written. Input quantities and
their standard uncertainties are estimated. The calculation of the combined standard and expanded uncertainties when calibrating
a hygrometer is performed. A budget for measurement uncertainty is compiled.

Key words: calibration, calibration method, humidity measurement tools, measurement uncertainty, uncertainty budget.
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AHoTanis

VY craTrTi po3MIAHYTO MUTAaHHA KamiOpyBaHHS BHIpPOOYBaJbHOTO Ta JTa0OPAaTOPHOTO OOJMAJHAHHS IS BiATBOPEHHS,
HiATPUMYBaHHSI TeMIEpaTypu Ta/abo BOJOTOCTi Ta OCOOIMBOCTI 3aCTOCYBAaHHS 3 LIEI0 METOI METOAWKH KamiOpyBams [1]
PEKOMEHIOBaHOI perioHaIbHOI0 MeTposoriuHoio opraizaniero K EURAMET». IlpoBeneHo po30ip peKOMEHIOBaHOT METOAUKHI
Ta HaBEAEHO IPHKJIA] i1 3aCTOCYBAHHS 3 METOIO PO3IOBCIO/DKEHHS MPAKTUKH 3aCTOCYBAHHS JaHO! METOAMKH JUISl 3a0€3MeUCHHS
€IHOCTI BUMIpIOBaHb NP KaTiOpyBaHHi Li€i kaTeropii oona HaHHS.

KarouoBi cioBa: kamiOpyBaHHS,
TeMmIeparypHe 00JiafHaHHS.

1. Beryn

3rigHO  YMHHOTO  3aKOHONABCTBA  YKpaiHU
BHIIPOOyBaNbHE Ta JabopaTropHe OONAgHAHHS IS
BIJITBOPEHHS, MIITPUMYBAHHS TeMIlepatypu Ta/abo
BOJIOTOCTI HE € 3aKOHOJABYO PETyJHOBAHMM 3aC000M
BUMIPIOBAJIFHOI TEXHIKM 1 BiJNOBITHO HE Mimjsrae
noBipui. Panime mnoniOHe o0JamHaHHS MPOXOANIIO
NpoLEAYPY METPOJIOTIYHOI arectamii ajne Hapasi I
npoleaAypa BIIyYeHa i3 3aKOHOJaBYOT'O MOJISL.

B Toit ke wac me oOmamHaHHA MoOXe OyTH
3aCTOCOBAaHE JUIsl OTPUMAaHHS PE3YJIbTATiB BHMIpIOBAaHb
BUKOPHCTOBYBaHHX y cepi 3aKOHOJaBYO PEryJbOBaHOT
Metpostorii. 3riqHo myHKTY 5 crarti 7 3akoHy YkpaiHu
«IIpo MeTpOIIOTito Ta METPOJIOTIYHY AlSIBHICTEY [2], Taki
pe3yibTaTH BHMIPIOBaHb MOXYTh OYTH BHKOpHCTaHi
TLTBKH SKIIO JJIS1 HUX BIOMI BIATIOBiIHI XapaKTEPUCTHKU
moxnOOK a00 HEBM3HAUCHICTH BUMIPIOBAHB, TOOTO
3aCTOCOBYBaHE 00JIaJHAHHS TOBUHHO MATH IMiATBEPIKCHI
3HaYeHHsT NOXMOOK a00 HEBHM3HAYEHOCTEH, AKi MOXKHA
OTPUMATH 32 pe3y/bTaTaMH KaliOpyBaHHs a0o 3a IHIIIO0
MIPOLIEYPOIO MiATBEePHKCHHS METPOJIOTTYHUX
xapakrepucTuk. [l maboparopiii akpeIWTOBaHUX 3a
craugaptom JICTY EN ISO/IEC 17025:2019 «3aranbHi
BUMOTH JI0 KOMIICTEHTHOCTI  BHIPOOYBAIBHUX  Ta
KayOpyBaibHUX ~ Jlaboparopiii» [3] kamiOpyBaHHS €
000B’SI3KOBMM JIJIsI BCHOTO OOJIaJHAaHHS, 10 BIUIMBAaE Ha
pesymeTaT BHMipoBaHHA. OTXKe JOIIBHO, a Uit
aKpeIUTOBaHUX IabopaTopiii 0OOB’SI3KOBO, BHKOHYBATH
KayiOpyBaHHS [FOTO OOJIaTHAHHSL.

[yaxr 3 crarri 27 3akony Ykpaiau «IIpo
METPOJIOTIF0  Ta  METPOJIOTIYHY  HisTbHICTE»  [2]
TOBOPUTH, MO KamiOpyBaHHS Ta OG(OpPMIIEHHS WOTO
Pe3yJIbTaTIB MPOBOIATHCS BIAMOBIAHO 0 HALIOHAIBHHUX
CTaHOApPTIB,  TapMOHI30BAaHMX 3  BIAMOBIAHUMHU
MDKHApOJHUMH Ta €BPOINEHCHKUMU CTaHJapTaMH, Ta
JIOKyMEHTIB, MIPUHHATHX MDKHApOJHUMHU Ta
PETiOHATBLHUMU OpraHi3allisiMi 3 METPOJIOTII.

METOIMKa KajiOpyBaHHS,

HEBH3HAYCHICTh BHMIPIOBAHHS, KIIMAaTH4YHI KaMepH,

Hdnst  kamiOpyBaHHS ~ BUNPOOYBAJIBHOTO  Ta
nmabopatopHoro  OONamHaHHS A  BIITBOPCHHSA,
MIATPUMYBaHHSA  TEeMIEpaTypu  Ta/abo  BOJIOTOCTI
TIPOTIOHYE€ThCS 3aCTOCYBAHHS JIOKYMEHTa [4]
perioHanbHO1 MeTposoriunoi opranizamii «KEURAMET,
SIKAH JUTSt KTIMaTHYHAX Kamep BH3HAYAE

BUKOPHCTOBYBAaTH MeTONnKy KamiOpyBaHus «DKD-R 5-
7: Calibration of Climatic Chambers» [1].

2. Mera crarTi

IIpencraBnenHs METPOJIOTTUHI i CIIUTBHOTI
CTaHJApTHU30BaHOI METONWKH I KaniOpyBaHHS
BHIPOOYBAILHOTO Ta JIAOOPATOPHOTO OONaTHAHHS IS
BIITBOPEHHS, IJITPUMYBaHHS TeMIepaTypu Ta/abo
BOJIOTOCTI Ta PO3TIIAN O0CcOOIMBOCTEH ii 3aCTOCYBaHHA
Ui  1bOro oOJagHaHHA 3 METOI0 3a0e3neueHHs
HaJaHHSA 3aMOBHHMKAaM  fKICHOI Ta  JOCTaTHbLOI
iHpopManii 1100 METPOJIOTIYHUX XapaKTEPHCTUK IX
oONagHAaHHS 3a pe3ynbTaTaMu KaJdiOpyBaHHS, B TOMY
qHCIi iHpopmaii 11010 HEOTHOP1THOCTI,
HEeCTabiTFHOCTI TOIIO, U MOJANBIIOTO 3aCTOCYBAHHS
BOTO O0JaJHAHHA, & TaKOX 3 METOI 3a0e3neueHHs
€HOCTI BHMIpIOBaHb y KpaiHi IUIIXOM 3aCTOCYBAHHS
CTaHJIapPTU30BaHOT METOAMKH, abo METO/MK
pO3po0IieHNX Ha ii OCHOBI, 3aMiCTh BEITUKOI KUJTBKOCTI
pi3HUX METOTUK caMoCTiitHO po3pobiieHux
KaJiOpyBatbHUMU J1a00PATOPISIMH.

3. BukJsag 0CHOBHOIO MaTepiaay

3anpornoHoBaHa METOMKA BCTAHOBJIIOE MiHIMAIbHI
BUMOTH JI0 TIPOLEYpH KaliOpyBaHHS Ta JI0 BU3HAYCHHS
MOXUOKM BUMIPIOBAaHHS IPU KamiOpyBaHHI KIIIMaTHYHUX
kamep. Jlama  MeromMka  3aCTOCOBYETBCS IS
KamiOpyBaHHS KIIMATHYHHX Kamep 3a TeMIIepaTyporo
TIOBITPS Ta BITHOCHOIO BOJIOTICTIO TIOBITPst a00 TUIBKH 3a
TeMIIepaTypol0 NOBiTps. BoHa Takok  po3risgae
KaIiOpyBaHHS ~ OKpEeMHX  MiCIlb  BHMIpDIOBaHHI B
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KITIMaTUYHUX ~Kamepax (y [bOMY BHM3AKy BCH
KIIIMaTHYHA KaMepa He BBAKAETHCS BiIKaTiOpOBAHOIO).

Jnst po3yMiHHS, DPO3IVITHEMO OCHOBHI HOHSTTS
METOIWKH: KJIIMaTHYHa KaMepa, Miclle BUMIpIOBaHHS,
petdepenTHe (eTamoOHHE, KOHTPOJIBHE, OMOpPHE) MicIie
BUMIPIOBaHHS Ta KOPUCHHUH 00’ €M.

KiimMaTnyHa kamepa — 1e TEXHIYHUH 3aci0, sKuil
JTO3BOJISIE peali3oByBaT BUOIPKOBO 3ajaHi B poOOUOMY
qiarna3oHi 3HAYEHHS TEMIepaTypH TMOBITps Ta/abo
BiJTHOCHO{ BOJIOTOCTI Y 3aKPUTOMY 00’ €Mi.

Miciie  BUMIpIOBaHHA — II¢  NPOCTOPOBE
MOJNIOXKEHHA, B SKOMY  3HAaXOOUThCA  JaTYHK
TeMIepaTypu abo BOJIOTOCTi, [0 pPO3MIIIY€EThCS B
KOpPUCHOMY 00’eMi 3 MeTor0 KamiOpyBaHHA. Takum
YIHOM, MICIIe BUMIpPIOBAaHHS II€ HEBEIUKUAN 00’ €M, STKUit
BH3HAYAETHCS PO3MipaMH CEHCOPHHX EJEeMEHTIB 1 ix
TOYHICTIO TIO3UIIIOHYBaHHS (IPHOIA3HO 5 CM MaKCUMYM
Y KOXXHOMY BHUMIpi). SIKII0 BUMIpIOBaHHS BUKOHYIOTHCS
JUIIe B OJHOMY MICI, pe3yiabTaT KajaiOpyBaHH:
MIACHUN JmIIe I 1Oro Micil. Excrpamonsiis Ha
OUTBIIMI 00’ €M HETIPHUITYCTUMA.

PedepeHTHIM MicIieM BUMIPIOBAHHS € TTOJIOKCHHS
B KOPUCHOMY 00’€Mi, JUIsl IKOTO BH3HAYAETHCS PI3HULI
MDK TeMIepaTypolo MOBIiTps Ta/abo BOJIOTICTIO MOBITPS
1 BCTAHOBJIEHUMHM 3HAYEHHSAMH. Y OUIBIIOCTI BHUIIAJKIB
T€OMETPUYHHUNA IIEHTP KOPHCHOTO 00’eMy OOHMpaeThCs
K pedepeHTHE Micre. 3a OakaHHAM 3aMOBHHUKA iHIII
BU3HAYCHHS pe()epeHTHOr0 MICLsl BUMIPIOBaHHS TAKOX
MOJKJIHBI. [omoxxeHHs pedepeHTHOTO MICIIs
BUMIPIOBaHHA Mae OyTH 3a3Ha4eHO B cepTudikat
KaJiOpyBaHHS.

Kopuchuii 00'em  kimiMaTH4HOI  Kamepu —
YacTKOBUH 00'eM KJIIMaTHYHOI KaMepu OXOIUICHHit
MicUsgMU BUMIPIOBaHHS JIaTYHKIB, AKI
BHUKOPHCTOBYIOThCS JIIsl KayiOpyBaHHs. BianoigHo 1o
po3TalryBaHHs BUMIPIOBAIBHUX MiCIlb, KOPUCHUIT 00'eM
MOXKE 3HAYHO BIJIPI3HATHCSA BIJ 3arajJbHOTO 00'eMy
kamepu. KamiOpyBaHHS KamepW B OCHOBHOMY iliCHE
TUTBKK JUIA IIOTO KOpHcHOro o0'emy. IloBunHI OyTH
BHKOHAHI MiHIMAJbHI BUMOTH JIO PO3TAITyBaHHS MICIb
BHMIPIOBaHHS BiIIIOBIIHO 110 i€l MeTOTUKH (prc. 1).
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Puc. 1. CxemarnyHe po3MillleHHsI JaTYMKIB BUMIPIOBaHHS
Y KOPHCHOMY 00’ €Mi KaMepu

Sxmo kamiOpyBaHHS BHMKOHYEThCS JIMIIE B
OKpEeMHUX 130JIbOBAaHUX MICISIX BHUMIpPIOBaHHS, SKi HE
OXOIUTIOIOTH 00’€M, JHIIEe MiClle BHUMIPIOBAaHHS, a HE
Kamepa Ta 1l KOpUCHHH 00’eM, BBaKaeThCs
BiIKaTiOpOBaHIM.

st 3acTocyBaHHS 1aHOi METOAWKH MOTPiOHO, IT0-
mepiie, OIHUTH YH OOJIAAHAHHS BiTHOCUTHCA [0
KJIIMaTHYHAX KaMep, OCKUIBKHM MMO3Ha4eHHsS BUPOOHHKA
o0amHaHHS MOXe OyTH 1HIITFMH.

KnimMaTnyHi kamMepu B paMKaxX Ii€] METOTUKU
MalOTh KOpUCHHHA 00’€M 3a MiCIeM BHUMIpPIOBaHHS,
CIIBBIJHOIIEHHS MDK HaWHOIIbIIKMM 1 HaWMEHIIUM
PO3MIpOM IBOTO KOPHUCHOTO 00'eMy — MeHmie 5. Bonu
MOXYTb OyTH MOOUIEHMMH a0o0 crarioHapHUMH. O/IHAK,
CTiHM, IO CITY’KaTh IJISl TETUIOI30JISMil Bil 30BHIIITHEOTO
Cepe/loBHIIA, HE MOBHHHI OyTH NPSMHMH YacTHHAMH
OyxmiBems abo TpaHCIOPTHHX 3aco0iB, i Mae OyTH
MOJKJIMBICTh YiTKO BITHECTH 1X J0 KIIMATHYHOI KAMEPH.

KanibpyBanHs B pamKax Ii€i METOJUKH MOXKE
MIPOBOAUTHCS IOJI0 TIOBITPS TEMIEpaTypy i BiJHOCHOT
BOJIOTOCTI 200 JIMIIE BiAHOCHO TEMIIEPaTypH IOBITPA
(TemmeparypHa Kamepa).

VY po3yMiHHI IIi€i METOIUKU KIIMATHYHI KamMepu
MiAIATal0Th  KamiOpyBaHHIO — JIMIIE  SIKIIO  BOHH
BIZINOBIIAIOTh HACTYITHUM BUMOTaM:

* HasBHiCTh JaTYUKIB TeMIepaTypH/BOJIOTOCTI
MOBITPs 3 BIAIIOBIAHUMH IHIUKATOpaMu SIK
KOMIIOHEHTIB KJIIMaTUIHOI KaMepH.

* HasBHICTH cHCTEM KOHTPOJIIO JJISl BEJMYMH, IO
KaJiOpyIOThCS, IK KOMIOHEHTIB KIIMAaTUYHOI Kamepa.

* HasiBHICTh TEXHIYHUX YMOB BUPOOHHKA.

* HagBuicTp TexHiYHOI JOKyMeHTalii Ha
KaTeropiro JaT4yMKa; JoJaTKoBoi iHdopMmalii mpo,
HAINpHKJIIAJ, MOJ0KEHHS Ta XapaKTePHCTHKH JATYHKIB,
XApaKTCPUCTHKK 130JISII{, a TaKoXK OaXaHud THII
ctabinizamii TeMneparypu Ta 3BOJIOKESHHS.

* AtMoc(epHHi THCK Y KOPUCHOMY 00’€Mi (TOOTO
3a0e3MedyeThcsl BUPIBHIOBAHHS THCKY 3 HABKOJHUIIHIM
CEpEIOBUIIIEM).

e Jlns pobOTH B ONHOMY Jiala3oHi TeMmepaTrypu
ab0 BOJIOTOCTI HEOOXITHO MPOBECTH KaaiOpyBaHHS HE
MEHIIE TPhOX pPIBHOMIPHO pPO3IMOJUICHHX 3HAYEHb
TemrepaTypu abo BIIHOCHOI BOJIOTOCTI 3 Jiarna3oHy
BUKopHcTaHHs. KaniOpyBaHHS TUIBKY AJIS1 OJHIET TOUKH
TemnepaTypu abo BOJIOTOCTi (HOMiHAJIbHE 3HAYCHHS)
BiZl poOouoro jiamasoHy KaMepu JIOIyCTHMO, ale
oOMexXye pe3ynpTar KamiOpyBaHHA IIi€l0 poOOU0r0
Toukolo (116 Mae OyTH 3a3HaueHO B cepTH(dikaTi

KaiOpyBaHH:).
* SIkmo BTpaTH Ha PO3CilOBaHHS BiIOyBalOThbCS B
KOpHCHOMY 00°eMi (TOOTO SIKIIO 3aBaHTaKEHHS

NPU3BOIUTh 10 HAIAXO/DKEHHS Temaa abo  Terio
MOCTIHHO  pO3CIIOETBCS B TOBITpi), Mell BIUIHMB
HEOOXiTHO BH3HAYHUTH B MEXaxX o00CATY BHECKY
HEBU3HAYEHOCTI e(eKTy 3aBaHTaxeHHS [1].

[Ilo crocyerbcst MakCHUManbHUX poOOYMX 1
KamiOpyBaJdbHMAX Jialla30HIB, TO B Mid METOIUII
PO3PI3HAIOTH  KIIMAaTHYHI ~ KaMepd 3  aKTHBHOIO

[UPKYJIIIIEI0 TOBITPS (IPHUMYCOBOIO KOHBEKIII€I0) B
KOpUCHOMY 00’emi 1 0e3 Hei. B o000x Bumaakax
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KJIIMaTH4YHa Kamepa NMOBMHHAa MaTH aKTHBHUI HarpiB
Ta/a00 OXOJIOKEHHS.

Jns kaniOpyBaHHA KITIMAaTHIHUX KaMep 3 CHCTEMaMu
IMPKYJIALT TOBITPsI BU3HAUECH] HACTYIIHI BUMOTH:

» Temmnepatypa moBiTpss y Mexax Big -90 °C mo
500 °C. KamiOpyBaHHS i BIZHOCHOI BOJIOTOCTI
MOXJIUBI ¥ NPUHAHSTHI JUIIE B aJA€KBaTHUX YaCTKOBUX
Jiara3zoHax TeMIeparypH.

 JIns KITBKOCTI TOYOK BUMIPIOBAaHHS y MPOCTOPIi
JUIsl KaiOpyBaHHS KOPHUCHOTO 00’eMy IiiCHI HacTyIHi
BAMOTH (MOXJIMBI BIOXWIECHHS M KamiOpyBaHHS
OKpEMHX TOYOK BUMIipIOBaHHS):

s xopucanX 06°emiB < 2000 1 moTpiGHO BHOpaTH
MIHIMYM JIeB’SITh TOYOK BUMIPIOBAHHS 3Ti/IHO 3 BUMOTaMH
IEC 60068-3-5:2018 [5], ToOTO MiCIsI BHUMIpPIOBAHHS
YTBOPIOIOTH KYTOBI TOYKH Ta IIPOCTOPOBHII IIEHTP Ky0oina,
III0 OXOTLTIOE KOPUCHHH 00°eM (IuB. puc. 1).

Jnsa  xopucHux 00’emiB > 2000 1 wmicrs
BUMIpIOBaHHS TIOBHHHI OXOIUTIOBATH KyOIUHY PEIIiTKY 3
MOCTIIHOIO penriTku MakcuMyM 1 M (ToOTo Haiibinmbina
BIZICTAaHP MDK CYCIIHIMH TOYKAaMH BHMipIOBaHHI
CTaHOBUTH | M).

» Kiimatnyna kamepa NOBHHHA 3a0e3IedyBaTH
OJTHOPa30BY LHPKYJAMII0 BCHOTO 00’€My TOBITpPS
mpotsirom 30 c¢. Jlns mokasiB  Oyme  JOCTaTHBO
cnenuikamii BUpoOHUKA.

o kaniOpyBaHHS KJIIMAaTHYHUX Kamep 0e3 cHCTeM
IUPKYIALIi TOBITPSI BAMOTH HACTYITHI:

* MakcuManbHU Jiara3oH TeMIlepaTypH IOBITPs
Bix -90 °C mo 350 °C.

* MaxkcuMansHul KOpPHCHUH 00'eM 0OMeXeHUi
2000 .

* be3 nupkynsauii mOBITPS  BHPIBHIOBAaHHS
TeMIepaTypu 3HA4YHO YCKIAAHIOEThCS. HeoOxigHO
BpaxOBYBaTH TPUBAIIUiI yac ctabimizamii. BuMiproBaHHS
MOXHA  MPOBOAWTH  JIMIIE  MICIAS  BU3HAYCHHS
TEMIIEpaTypH Yy BCIiX MICIIIX BUMIPIOBAHHS (KOJIM HE Mae
CHCTEMAaTHYHUX 3MiH MpPOTATOM TpuHaiMHi 30 XB).
Perra Bapiaiiii He MOBHHHI IEPEBHIIYBATH YacOBY
HecTaOUIBbHICTB,  3asBICHy Ta  BpaxoBaHy B
HEBHU3HAYEHOCTI BUMIPIOBAaHHSI.

* KinpkicTe MiCIlb BUMIpPIOBaHHS B IPOCTOPI IS
KaiOpyBaHHs. KOPUCHOTO 00’e€My BiJIOBiIa€ BUMOTam
IEC 60068-3-5:2018 [5], TOO0TO BUMIpIOBaHHS
HEOOXiTHO MPOBOANTH IIOHAWMEHIIE B 1B’ ITH MiCIIAX.

* BmiumB  3aBaHTaXEHHS Ha  IIPOCTOPOBY
OMHODIOHICTH  CNiJl BH3HA4YaTH 32  JIOIIOMOTOIO
BUMIPIOBaHb y HE3aBaHTAKCHOMY Ta 3aBaHTAKCHOMY
CTaHi TpHWHAMMHI B OXHOMY MiCIi BHMIpIOBaHHSI
(3a3Bnuail y pedepeHTHOMY), BUKOPHCTOBYIOYHM THIIOBE
3aBaHTAXXCHHA KOPHUCTyBaua ab0 BHKOPHCTOBYIOUH
TECTOBI Tijla. 3aBaHTaXKEHHS Ma€ IMITyBaTH MakCUMaJIbHE
TIOTIPIIIEHHST IPOCTOPOBOTO BHUPIBHIOBAHHS TEMIEPaTypH
i Mae OyTu omucano B ceprHdikari kaniopyBaHHs. SKIIO
IHIIIE HE BUMAraeThCsl KJIIEHTOM, 3aBaHTA)KCHHS TIOBUHHO
3aiHsaTH He MeHIne 40 % KOpUCHOTO 00'eMy.

* HenpumycTuMo aKkTHBHE 3aBaHTaKCHHS 3
TEIUIOBIIaY€er0 ab0 MmigBEAEHHIM Tella.

. KaniopyBanus BiJTHOCHOT
HETPHITYCTHMO.

BOJIOTOCT1

SIko Bel BMILIEHABEAEHI BUMOTH 0 OOJIaJHAHHS
BUKOHYIOTBCSI, MOYKHA 3aCTOCOBYBATH JIaHy METOIUKY
JUTS KaaiOpyBaHHsI IOTO 00JIaTHAHHS.

Bnache, kamiOpyBaHHS KJIIMaTu4HOi KaMepu
noTpiOHe IS BU3HAYCHHS BiXWJICHHS KIIMaTOIOTIIHOT
XapaKTEePUCTHKU TeMIepaTypH Ta BIJHOCHOI BOJIOTOCTI
MOBITPS B THUX YacTWHaX 00’eMy Kamepw, sIKi HaJaHi B
KOPHCTYBaHHS a00 B OKPEMHX TOYKaX 00’€My KamepHu
Bil 3HAYCHb, IO BiAOOPAKAIOTHCS IHAWKATOPAMH
kamepu. KpiM X BiAXuieHb, JOAATKOBI BIACTHBOCTI
Taki SK HEOTHOPITHOCTI, CTAaOINBHOCTI TOIIO YacTo
BU3HAYAIOTBCS U XAPaKTEPUCTHKH KamMepu Ta
MOTCHIIHHOTO BIUIMBY Ha JOCIHIDKyBaHUN Matepial,
posmimenuii y kamepi. L{i pe3ynbratu 3 omHoro Goky
NPE/ICTaBISIIOTh BENUKHIA 1HTEpeC I KOpUCTyBada
KaMepH, OCKUTbKH BOHU OIMHUCYIOTh ii BIACTUBOCTI i
9Yac BUKOPUCTAHHS, a 3 IHIIOrO OOKY HEOOXimHi Jyis
BU3HAYCHHS IIOXMOKHM BHMIPIOBAaHHS  pE3yINbTATiB
KaniOpyBaHHS.

TaxuMm unHOM, 1iJi KaTiOpyBaHH HACTYITHI:

» KamibpyBanus iHmukamii temmepaTypu Ta/abo
BiTHOCHOI BOJIOTOCTI IIUIIXOM TIOPiBHAHHS 31 3HAUCHHIM
TEMIEepaTypH TOBITPA Ta/ab0 BOJOTOCTI MOBITPS
BUMIPDSIHAMH Y KOPHCHOMY 00’€Mi  €TaJIOHHUMH
npuiagamMu (3HaX0KEHHS BiIXUICHD a00 MOMPaBOK).

* DBu3HaueHHS HEBU3HAYCHOCTI TeMIIEpaTypH
Ta/abo BIJHOCHOI BOJIOTOCTI IpH KaniOpyBaHHi, Ta
BU3HAYEHHS HEBHM3HAUEHOCTI JUIi BHUKOPHCTaHHS 3a
BU3HAYCHUX YMOB (HampuKIaJ TPUd  TUIIOBOMY
3aBaHTa)XEHHI KOPUCTyBa4ya KaMepH).

* 3a OaxaHHAM 3aMOBHHKa, KaniOpyBaHHS MOJXKe
BKJIIOYaTH TIEPEeBIpKYy Ha BIJNOBIIHICTE BHMOTaMm
KOpHCTyBaya, JOMYCKiB 32 BH3HAUYCHHUX yMOB Ta/a0o
TEXHIYHHUX CIIeII]iKarii.

* 3a OaxaHHAM 3aMOBHHKa, KamiOpyBaHHS MOKe
OyTM BHKOHaHO JIMIIE B KOHKPETHOMY  Micmi
BuMipoBaHHA. OfHaK y [OMY BHIIQAKY JEsKi
KOMIIOHCHTH HEBH3HAYCHOCTI HE OYyIyTh BH3HAYCHI Ta
BpaxoBaHi. Toni pe3yibTar OyJe AIWCHAM JIHIIE s
IIUX MICIIb, @ HE JJIS BCi€T KamepH.

3rigHo JlaHo1 METOUKH, KaJiOpyBaHHS
KJIIMaTHYHOI KaMepu MOXe 3JiHCHIOBAaTUCS TpbhoMa
PI3HHMH METOAMH:

Metoa A. KaniOpyBaHHS CTOCYETBCS KOPHCHOTO
00’eMy, OXOIUICHOTO MICIPIMH BHMIDIOBAaHHS B
He3aBaHTaKeHIH KiriMaTH4HId Kamepi. KamiOpysaHH:
LM METOJIOM OXOILTIOE:

* BI3HAYCHHA KOpPEKIii iHAuKamii abo BiIXWICHHS
MK BHUMIPIOBAaHHSMH B KOHTPOJIBHOMY MiCIli Ta
MOKa3aMH¥ iHAUKATOpa KaMepH,

* BH3HAYCHHA IPOCTOPOBOi HEOTHOPITHOCTI B
MOPOXXKHHOMY KOPHUCHOMY 00’ €eMi,

* BH3HAUEHHs HECTaOUIBHOCTI Y
HOPOXKHBOMY KOPHCHOMY 00’ €M,

* BH3HAYCHHS paiallifHOTO e(ekTy (TUIbKH is
BUMIPIOBaHHS TEMIIEPATypH MOBITPsI),

* BU3HAYCHHS eQeKTy 3aBaHTaXEHHS B Micli
BUMIPIOBaHHS LIISIXOM TIOPIBHSHHS 3aBaHTa)XCHOTO Ta
MTOPOKHBOT'O KOPUCHOTO 00’ €My, 3a Oa)KaHHSIM KITi€HTa.

yaci B
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Meton B. KamiOpyBaHHS CTOCYETBCSI KOPHCHOTO
00’eMy, OXOIUICHOTO  MICIIMH  BHMIDIOBaHHA B
3aBaHTAKEHIN KIIMaTHYHIA Kamepi. 3aBaHTaKEHHS MOXKE
OyTH peai30BaHO BiIOBIHO JI0 TUIIOBOTO 3aBAHTAKCHHS
KOpHCTYBada ab0 3allOBHEHHSIM MNPOOHMMH TilaMH He
Mmeriie 40 % kopucHoro o0’emy. s OKpeMHX
IOCHI/DKEHb 1 KOMIIOHEHTIB HEBHU3HAYEHOCTI IMCHI
npaBuia Merogy A. BrmimB camMoro HaBaHTa)KEHHS
BU3HAYAETHCS JIOJTaTKOBUM BUMIPIOBaHHIM y
LEHTPAILHOMY MICIIi BUMIPIOBAaHHS B TIOPOKHBOMY CTaHI.
KanibpyBaHHS MM METOZIOM OXOIDTIOE:

* BU3HAYCHHS KOPEKIii iHANKaIii a0 BiIXHUICHHS
MDK BHUMIPIOBaHHSAMH B KOHTPOJIBHOMY MICII Ta
MOKa3aMH¥ iHAWKATOpa B 3aBaHTA)KEHOMY CTaHi,

* BU3HAYCHHSI MPOCTOPOBOI  HEOIHOPITHOCTI
3aBaHTAXEHOT'0 KOPHUCHOTO 00’ eMy,

. BHU3HAYCHHS HECTaOUTbHOCTI Y
3aBaHTAXXEHOTO KOPHCHOTO 00'eMy,

* BH3HAYCHHS paliallifHOTO e(pekTy (TUIbKH IS
BUMIPIOBaHHS TEMIIEPATYPH TIOBITPS),

* BU3HAYCHHS BIUIMBY 3aBAHTAXCHHS IS
KOHTPOJIPHOTO ~ MICIsl  BUMIPIOBaHHS IOPIBHSAHHIM
3aBaHTAXKCHOT'O 1 MOPOKHBOTO KOPUCHOTO 00'eMYy.

Metoa C. KamiOpyBaHHS CTOCYETBCS OKPEMHX
TOYOK BHUMIpIOBaHHSI B KIIMaTHYHIM Kamepi, sKi He
OXOIUTIOIOTh KopucHUA 00’eM. KamiOpyBaHHS 1MIM
METOZOM OXOILTIOE:

* BU3HAYCHHS KOPEKIIii iHIuKaIii abo pi3HHII MK
BUMIPIOBaHHSMH B MICIIi BUMIpPIOBaHHS Ta ITOKa3aMH
IH/IMKaTOpa KaMepH,

* BHM3HAYCHHS HECTAOUILHOCTI y Yaci B MicIIi
BUMIpIOBaHHS,

* BU3HAYCHHS pAiallifHOrO e(QeKTy B MicIi
BUMIpIOBaHHS,

* BU3HAYCHHS BIUIMBY 3aBaHTAXEHHS B MICI
BUMIPIOBaHHS [UIIXOM TOPIBHSHHS 3aBaHTa)KEHOTO Ta
MTOPOXKHBOTO KOPHUCHOTO 00’ €My, 3a OarkaHHSIM KITIEHTa

[Micns Bubopy MeTona KamiOpyBaHHS MpOIEIypa
KamiOpyBaHHS  PO3IOYMHAETHCS 3  PO3TAIIyBaHHSI
JAaTYUKIB y MICIX BuMiproBaHHsA. KamiOpyBaHHS
KopucHOro 00’emy meromoM A abo B, sk mpaswuiio,
MPOBOJIUTHCA MUIAXOM BUMIPIOBAHHS Yy KITBKOX MiCIISIX
KOPHCHOTO  00’eMy,  KIIBKICTB 1  IIPOCTOpPOBE
pO3TallyBaHHs SKUX BCTAHOBJIOETHCS 3a AHAJIOTIEIO 31
craugaprom IEC 60068-3-5:2018 [5] mns kamep 3
kopucHuM 00’eMom g0 2000 n (auB. puc.l), mns
OIMBIIMX KOPUCHUX OO0’€MIB MicUs BHMipIOBaHHA
MOBUHHI OXOIUTIOBATH KyOIUHY PELITKY 3 IMOCTiHHOIO
peuritkn MakcuMyM 1 M (TOOTO HaiOinblna BiJICTaHb
MiX CYCIIHIMH TOYKaMHU BUMIPIOBaHHS CTAaHOBUTH | M).
3a OaxaHHSIM 3aMOBHHKA TAaKOK MO>KJIMBI 1HIII ITO3MIIT
ajie MpU LILOMY BECh KOPUCHHH 00’€M TOBHHEH OYyTH
OXOIUICHHH TOYKAMH BHUMIPIOBaHHS, a BIACTaHb MiX
CyCimHIMH TOYKaMH BUMIPIOBaHHA HE IIOBHHHA
nepeBumyBaTH 1 M. BuOpaHi MOJNOXEHHS TOYOK
BUMIpIOBaHHSI TOBMHHI OyTH BKazaHi B cepTudikari
KaJaiOpyBaHHS Y BUIISII €CKi3y.

Pesynbrar KamiOpyBaHHs MiMCHMN JUIIe IS
00’eMy,  OXOIUIEHOTO  TOYKaMH  BUMIpPIOBAaHHS.

yaci

IIpocTopoBa IHTEpIONAIIS BHMIPIOBAHHX 3HAYCHb
JIONYCTHMa JIMIIE JUIsi KOPUCHOTO 00'eMy, OXOIUIEHOTO
TOYKAMU BUMIPIOBaHHS. Bkazana noxuoka

BUMIPIOBaHHS CKJIQJIA€ThCS 3 MaKCHMaJIbHHUX 3HAYEHb
IHAMBITyadbHUX BHECKiB. BoHa JilficHA s 3arajbHOTO
KOPHUCHOTO 00'eMy.

KanibpyBanHsS B OKpeMHX MiCISIX B KOPHCHOMY
00’emi (Meron C) HOMyCTHMO TITBKH 3a Oa)kKaHHIM
KITieHTa. Y IBOMY BHIIAKy pe3yJbTaT KaliOpyBaHHS
MIACHUHA  JIWIIE IUTS JOCTIIKYBaHOTO MicLs
BHUMIPIOBaHHS, 1 Ie Mae OyTH 3a3Hau€HO B cepTHdiKaTi
KamiOpyBanHs. Sk 00’ektT KamiOpyBaHHS HEOOXimHO
BKa3aTh «Micre(s) BHUMIPIOBaHHA B KJIIMaTHYHIH
Kamepi. Brecoxk JIOKaJIbHO1 IIPOCTOPOBOI
HEOJIHOPIHOCTI B MICISIX BUMIipIOBaHHS NOBUHEH OYyTH
BU3HAYEHUH JUIsI KOXHOTO MICII BHMMIPIOBaHHS 3a
JIOTIOMOTOI0  JIBOX TEPMOMETpIB, pPO3TAalllOBaHUX Ha
BiJICTaHI PUOIM3HO Bix 2 cM 10 5 cM (abo mpuHANMHI
BHOpAaTH BiJCTaHb BIATOBIAHO IO JOBXHHH aKTHBHOTO
nmaryuka). OOMH 13 TaKUX TEPMOMETPIB PO3TAIIOBYIOTH
B TIOJO)KCHHI, BU3HAYEHOMY IUISl ONPUIIIOJHECHHS
pe3ynpTary KaniOpyBaHHS (Miclle BHMIpPIOBaHHS), a
IHITAA Ha HEOOXITHIN BiJCTaH1 (pe3ymbTar
BUMIPIOBaHHS 3 LbOTO TEPMOMETPA CIYTy€ JIUIIE I
BH3HAYCHHS JIOKAJIbHOT IPOCTOPOBOI HEOAHOPITHOCTI Ta
HE BXOJWTH SIBHO B pe3yJIbTaT KamiOpyBaHHsa). Bubpane
MOJOKEHHS.  MiCLli  BUMIPIOBaHHS TOBHHHO OYTH
BKa3aHO B cepTH(]ikaTi KaniOpyBaHHS y BUTIISI €CKi3Yy.

IIpocTopoBa HEOAHOPIAHICTE (HETOMOTCHHICTH)
BU3HAYAETHCS SIK MaKCHMaJIbHE BIJIXUJICHHS
TeMIepaTypu ab0 BOJIOTOCTI B MiCI[TX BUMIPIOBAHHS BiJ|
peepeHTHOTO MICIISI i BH3HAYAETHCSA JUIA BCIX TOYOK
KamiOpyBaHHS. IIpocToposa HEOTHOPITHICTB
TeMIepaTypu ab0 BOJIOTOCTI JOCHIIKYEThCSA JIUIIE Y
KaJgiOpyBaHHSIX KOPHUCHOTO 00’eMy 3a MeTomoM A abo
B. V kanmibpyBanusx 3a meromom C, BH3HAYAETHCS
JUIIe JIOKalbHA HEOTHOPIAHICTh TeMIepaTypu IS
OIIIHKKM BHECKY HEBH3HAUCHOCTI Yepe3 HEOTHOPIAHICTb.

HectabinbHicTh y 4Yaci Temmeparypu abo
BOJIOTOCTI TIOBITPSI BU3HAYAETHCS 3 PEECTPALllT KOJHUBAHb
BIJIMIOBITHO TeMmmepaTypu a00 BiJHOCHOI BOJIOTOCTI
npoTsroM nepiogy moHaimMenmne 30 XBWIMH TicCis
JOCSITHEHHST  cTabimpHOrO crany. CraOiibHI yMOBH
BBAXAIOTbCS ~ JIOCATHYTUMH, KOJIM  Oijplie  He
PEECTPYIOTbCSI CHCTEMAaTH4HI KOJIMBaHHSA TeMIeEparTypH
a0o0 BimHOCHOT Boyiorocti. [y KIiMaTH4HUX Kamep 0e3
LUPKYJISLIi MOBITPS, BUMIPIOBAHHS MOXXHA HPOBOJHTH
yame gepe3 30 XB MiCIsT JOCATHEHHS CTa0iIbHOCTI.

Jus  BuMipioBaHHS HeCTaOUTBHOCTI y  dHaci
HEOOXigHO peecTpyBaTé ImoHaiiMeHme 30 3Ha4YeHb
BHUMIipIOBaHHSA MPOTATOM 30 XBHJIMH depe3 OiIbII-MeHII
MOCTiMHI 1HTepBanmu dacy. BuMiproBaHA HEOOXimHO
MPOBOJIUTH MIPUHAWMHI Ul HEHTPY KOPUCHOTO 00’eMy
abo U1l OMOPHOTO Miclsi BUMIPIOBAHHS, Uit KOXKHOT
TEeMIepaTypH KaaiOpyBaHHs abo BOJIOTOCTI
KaniOpyBanHs. HecTaOinpHiCTh y 4aci MOBHHHA OyTH
JIOCITIZPKEeHa JUIsl BCIX METOMIB KaiOpyBaHHSI.

Papianiiinmii edext (eexT BUIIPOMIHEHHS) MOXE
BU3HAYATUCh OJHUM 3 JEKUIBKOX CHOCO0IB OIMCAaHMX B
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n.7.4 wmeromuku [1], Bapro BIAMITATH, MO IS
temnepatyp Bix 0 °C mo 50 °C edexT BUIPOMiHIOBaHHS
MO)KE HEe BH3HAYaTHCh, @ MOXKHA IIPUIyCTHTH, LI0 BiH
BHOCUTh  MaKcUMalbHuUKM  BHecok 0,3 K B
HEBM3HAYEHICTh BUMIPIOBAHHSA. SIKIIO pIi3HHULS MiX
TEMIIEPaTypO0  HaBKOJHUIIHBOTO  CEpeloBHINA 1
TEMIIEpaTypOIO MOBITPs (B KIIMAaTHYHIA Kamepi) i gac
kanmiOpyBanus nepesuinye 30 K, pamianiiinuii edexr y
Oy/b-sIKOMY BHIAJIKy TOBUHEH BU3HAYATHUCH.

Edexr 3aBaHTa)KeHHSI BH3HAYAEThCS 33 Oa)KaHHAM
3aMOBHMKa. Y pasi kamiOpyBamHs wmerogoMm (B)
pe3ynbTaT KaniOpyBaHHS BITHOCUTBCS IO 3aBAHTAXKEHOTO
CTaHy 1 BpaxOBYETbCS BHECOK 3aBAHTAXKCHHA B
HEBH3HAYCHICTH BUMIpIOBaHHS (xamibpyBaHHS
BUKOHY€ThCS TIPUHANHMHI IS KOHTPOJBHOTO  MIiCITS
BUMIPIOBAaHHS 3 3aBaHTAXEHHAM 1 0e3 HbOro, a
MaKCHMaJIbHa PI3HUIIA NPUAMAEThCS SIK HaIiBIIMPHHA
NPSIMOKYTHO PO3IOAIIIEHOT0 BHECKY HEBU3HAYEHOCT1).

Y pasi kambpyBanas wmetogoM (A) ado (C)
pe3ynapTaT  KamiOpyBaHHS ~ 3aBXKAH  CTOCYETHCS
HE3aBaHTAXXEHOTO CTaHy. SIKIIO BIUIMB 3aBaHTAKEHHS
JIOCHIJDKYEThCS 32 Oa’KaHHSIM 3aMOBHHKA, BHECOK
3aBaHTQ)KEHHS  BPAaxOBYETbCS y  HEBH3HAYEHOCTI
BHAMIpIOBaHHSI.

HocmimkerHs  epeKTy  3aBaHTAKCHHS  MOXKHA
NPOBOJIMTH 33 JIONIOMOTOK THIIOBOTO — 3aBaHTAKCHHS
3aMOBHMKa a00 3  BHKOPHCTAHHAM  IPOOHOTO
3aBAHTAXCHHS, 00’€M OCTaHHBOTO TIOBUHEH CTAaHOBUTH HE
meHme 40 % Bim kopucHoro o00’emy. BuOGpane
3aBaHT@XEHHs Mae OyTh onmcaHo B —cepTudikari
KaTiOpyBaHHsI.

HeBu3HaueHICTh, Ky CJiJll 3a3Ha4YaTH, CKIAa€ThCs
3 HEBHM3HAYEHOCTI BUMIPIOBAHHS TeMIlepaTypu Ta/abo
BIZITHOCHOI BOJIOTOCTI 32 JIOIIOMOTOI0  €TaJOHHHUX
BUMIPIOBAIBHUX MPWIaZiB, 3 HEBH3HAUCHOCTEH, IO
BUHUKAIOTh BiJl IHIUKATOPHUX MPHIANIB KIIMATHIHOI
KaMepH, BKJIJIiB HecTabLIBHOCTI y Yaci i MpocTopoBoi
HEOJHOPITHOCTI KOPUCHOTO 00'€eMy, a TakoX BIUIUBY
3aBaHTAXGHHS Ta pafialiifHoro edexTy (HoKitagHime
PO3paxyHOK HEBH3HAUCHOCTI y .8 meromuku [1]).

OcCKiNbKM  KJIIMaTH4HI KaMepu CIYTYIOTbh s
peamizamii BH3HAYEHHMX TeMIepaTyp 1 BOJOTOCTI
MOBITPS, MoXuOKa, MIPUCBOEHA TEeHEPOBAaHIM
TEeMIIepaTypaM 1 BOJIOTOCTI MOBITps, MOBHHHA OYTH
BKa3zaHa B cepTudikarti KaniOpyBaHHsI.

Temneparypa 3pa3kiB y KOpUCHOMY 00'eMi MOXKe
3HAQUYHO BIIPI3HATHCSA BiA TEMIEpaTypH TOBITPS.
KaniOpyBaHHs KJIiMaTn4HOi KaMepu He HajJae ITOBHOL
iH(opMarii po KIIIMaTOJOTi9H1 BETMYNHI
(TeMriepaTypa Ta BiJTHOCHA BOJIOTICTH) Ha IOBEPXHi a00
HaBiTh B 00’€Mi PO3MINICHOTO B KIIMAaTHUYHINA Kamepi
BaHTaXy JJIs BUNIPoOyBaHb. B OGUIBIIOCTI BUDIAIKiB cam
3aMOBHHMK MOK€ BU3HAUYUTH TEMIEPaTypy BHIPOOHHUX
3pa3KiB 3 MCHIIOK HEBU3HAYCHICTIO 3a IOMOMOTO0
BiJIKaTIOPOBAHOTO TEPMOMETpA.

[ToBHMIT pe3yabTaT KaniOpyBaHHS CKJIaJaeThCs 3
TaKUX KOMIIOHEHTIB:

* KOpeKIis ab0 BIIXWICHHA BII IHIUKAI{
TEMIEpaTypud B CTAJOHHOMY MIiCIli BUMIpPIOBaHHS
(metomu A 1 B) abo mompaBka(u) mMoKazaHHS IS
OKpeMoro Micts posramryBaHas (meron C),

* KOpeKmlis a00 BIIXWICHHS BIiI IHIUKAIIi
BiTHOCHOI BOJIOTOCTi B €TaJJOHHOMY MICIIi BUMipIOBAHHS
(metromn A 1 B) abo mompaBka(u) iHAWKALIi I
OKpeMoro MicIsd BuMiproBaHHs (Metox C),

* HEBM3HAYCHICTH 1HIMKAI] TEMIIepaTypH,

¢ HEBM3HAYEHICTH 1HAMKAIL[T BIZHOCHOI BOJIOI'OCTI,

e JIETaNbHI pe3ylbTaTH JOCTIKCHb, TaKi SK:
OJTHODIIHICTh, CTAOLIBHICTh, €()eKT BUIPOMIHIOBAHHS,
TEeMIIepaTypa CTIHKH TOIIO,

* BHCHOBOK IPO BiMMOBITHICTH TeMIepaTypu (3a
Oa)xaHHSIM 3aMOBHHKA),

* BHCHOBOK IPO BIAMOBIAHICTH IIOJO BiTHOCHOL
BOJIOTOCTI (32 Oa)kKaHHSIM 3aMOBHHKA),

* YMOBH BUMIpIOBaHHSI.

B sikocTi mpuKiamy TpencTaBIEHHS pPe3yJbTaTiB
KanmiOpyBaHHS HaBeJeHO iH(opMmarilo i3 cepTudikaTa
KamoOpyBaHHs Ha CymwibHy Mmady Binder FD56 B
YacTHHI BHMIpIOBaHHSA TeMIepaTypH, TOYKA
kaniopysauns 105 °C ta 130 °C (mus. Tabm. 1, 2, 3).

KaniopyBanuss mnpoBoamnock KanidpyBasibHOIO
nabopatopiero TIpAT «MXII» BIAMOBIAHO O BHUMOT
PO3MIISIHYTOT y il CTaTTi CTAHIAPTH30BAHOI METOIUKH
32 MeTogoM A (He3aBaHTa)xeHa  Kamepa) 3
BUKOPUCTAHHSAM OaraToKaHaJIbHOTO KaJiOpyBaJIbHOTO
KOMIUIEKCy Ha 0a3i npenusiiiHoro tepmometpa Millik,
10 Ma€ METPOJIOTIYHY MPOCTEKYBAHICTh A0 BU3HAHUX
HAI[IOHAJILHUX CTAJIOHIB (IIUB. puUC.2).

Edexr 3aBaHTaXCeHHS MiJ Yac KaliOpyBaHHS HE
JTOCTIIKYBaBCsI.

Tabnuis 1 — PesynbraT BUMiproBaHHs TeMneparyp, °C

Temnepatypa Bumipsina B | [lokasu inaukaropa .
3amgaHe 3HAYCHHS . . Po3iinpeHa HeBU3HAYCHICTh B
KOpUCHOMY 00’ eMi npuIaaa, sIKUi [Toxubka s
TeMIlepaTypH . KOpPHCHOMY 00’ €My
CTAIOHHHM TEPMOMETPOM KasiOpyBaBcsi
105 106,20 105 1,20 4,59
130 131,31 130 131 5,32
Tabnuus 2 — [pocTopoBuii po3noain tremmeparypu, °C
3anane TemmepaTypa BUMipsiHa €TAJIOHHUM TEPMOMETPOM B MICISIX BUMiPIOBaHHS Posmmpena
SHAICHIA | qeq | Tk2 | Tk3 | Tk4 | Tk5 | Tk6 | Tk7 | Tk8 | Tkref |crrenatemicry
TeMuepaTypu B ONOPHI#i Touwi
105 105,70 | 104,69 | 106,03 | 106,08 | 10577 | 104,55 | 106,77 | 110,06 | 106,14 0,79
130 130,70 | 129,80 | 130,95 | 131,34 | 130,65 | 129,21 | 131,74 | 136,00 | 131,43 0,61
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Tabnuis 3 — PesynbTat Uist XapaKTEPUCTHKUA KOPUCHOTO 00’ €My 3a TeMIiepaTypoto, °C

3anaHe 3HAYCHHS TEMIIEPaTypu HecrabinbHicTh HeonuopinHicts Paniauiiianii epexr
105 0,47 3,91 0,10
130 0,18 4,58 0,12

Puc. 2. 3oBHimHiNi BUMIAA KaniOpyBansHOTO KOMIUIEKCY Ha 6a3i npernmsiiiHoro Tepmomerpa milliK ta po3ramnryBaHHS TaTIHKIB y
KOpPHCHOMY 00°€Mi CyIIMIBHOI madu

4, BUCHOBKH

1. 3acrocyBaHHS CTaHOAPTH30BAHOI METOAWUKH
KamiOpyBaHHsS JIO3BOJISIE  IIOPIBHIOBATH  pE3yJbTaTH
KamiOpyBaHHs OTpPUMaHi pI3HUMHU KaJdiOpyBaJbHUMH
ma00paTOPisIMK 1 TAKMM YHHOM 3a0€3MeUyBaTH €IHICTh
BUMIpIOBaHb.

2. Po3risHyTO OCOOJIMBOCTI CTaHAAPTH30BAHOL
Meromuku [1] kamiOpyBaHHS KIIMaTHYHHUX Kamep Ta
BUMOTH, SIKUM TIOBUHHO BiJITIOBiIaTH BUIPOOYBaJbHE Ta
nmabopaTopHe o0nagHaHHS IS BiITBOPCHHS,
MIATPUMYBaHHS TeMIepaTypu Ta/abo BOJOrOCTi, MI00
OyTH BiAKaIiOpOBaHUM 32 II€I0 METOANKOIO.

3. TlpoBeneHHs KamiOpyBaHHS 1 TPeICTaBICHHS
Pe3yNbTaTIiB 3TiIHO PO3IIITHYTOI Yy Lill CTATTI METOIUKHI
3abe3neuye 3aMOBHUKA HaOLTbII MIOBHOIO

Cunmncok jgiTeparypu

iH(OpMAITi€l0 MO0 XapaKTEPUCTHK KOPHCHOTO 00’ eMy
Horo  oONlagHaHHS  TakKUX  SIK  HECTaOLIbHICTb,
HEOTHOPIIHICTH, BIUIMB 3aBaHTAKEHHS TOIIIO.

4. Tlotpebye MOAATBIIOTO JOCHTIHKCHHS TTHTAHHSI
MOXIIUBOCTI  3aCTOCYBAaHHsSI PO3IJISIHYTOI METOJUKH
KamiOpyBaHHS JUIs OONagHaHHS, fAKe (opMajbHO
BINIOBia€ BUMOTaM Ili€l METOAWKH alie d4epes
KOHCTPYKTHBHI 0COOJIMBOCTI HE MOXKe OyTH JOCIIIKEHO
Y TIOBHOMY 00CsI3i.

Hanpuknan, y ToMy BUNAAKY KOJIM KOPUCHHIM
00’eM Kamepw OOJIaAHAHHS HEBENUKUH 1 po3Mip
BUMIPIOBAIBHUX JaTYUKIB €TaJOHHOTO TEPMOMETpa He
JIO3BOJISIE X PO3MICTHUTH y MIHIMANBHIA, 3TiIHO
METOJIMKH, KibKoCTi (9 marumkis miist merony A a6o B,
ta 2 gatyuka s meroxny C).

1. Richtlinie DKD-R 5-7, Kalibrierung von Klimaschranken, Ausgabe 09/2018, Revision 0, Physikalisch-Technische
Bundesanstalt, Braunschweig und Berlin.. DOI: https://doi.org/10.7795/550.20180828 AH.

2. 3axon Ykpainu Big 05.06.2014 No 1314-VII «IIpo MeTpoIIOTiIO Ta METPOJIOTIUHY JiSUTBHICTEY.

3. JICTY EN ISO/IEC 17025:2019 3araspHi BUMOTH 0 KOMIIETEHTHOCTI BHIPOOYBAIbHUX Ta KamiOpyBalbHUX JabopaTopiit

(EN ISO/IEC 17025:2017, IDT; ISO/IEC 17025:2017, IDT).

4. EURAMET Calibration Guide No. 20 Guidelines on the Calibration of Temperature and/or Humidity Controlled Enclosures,

version 5.0 (09/2017) — English version.

5. IEC 60068-3-5:2018 Environmental testing - Part 3-5: Supporting documentation and guidance - Confirmation of the

performance of temperature chambers.
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Features of the climate chamber calibration method application
Valerii Semenikhin, Svitlana Shevchenko

Abstract

The article considers the issue of calibration of test and laboratory equipment for reproducing, maintaining temperature
and/or humidity and the features of using for this purpose the calibration methodology [1] recommended by the regional
metrological organization "EURAMET". The recommended methodology is analyzed and an example of its application is given
in order to disseminate the practice of applying this methodology to ensure the unity of measurements when calibrating this
category of equipment.

Key words: calibration, calibration method, measurement uncertainty, climatic chambers, temperature equipment.
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BUMIPIOBAHHA / MEASUREMENTS

YK 621.317.44 DOI: 10.30837/2663-9564.2025.1.06

OLIHKA HEBU3HAUYEHOCTEH BUMIPIOBAHb ITIPOCTOPOBUX
I'APMOHIK 30BHIIIIHBOI'O MATHITHOI'O ITOJIA

O.B. [lertsippos, F0.B. Koznos, 10.€. Xopomaiino, B.O. Jlynenko, M.B. KopGenpkuii, B.M. Yarep
Xapriscokutl nayionaneHull yrigepcumem paodioenekmpouiku, Xapkis, Ykpaina

AHoTanisn

VY cTaTTi po3riIIHYTO METOOJIOTII0 OLIHKK HEBH3HAUYEHOCTEH BUMIpPIOBaHb MAarHiTHOTO AUIOJIBHOTO MOMEHTY TOYKOBHMH
METOJaMH MPOCTOPOBOr0 FAPMOHIYHOTO aHamizy. IIpoaHanizoBaHO BIUTMB CHCTEMATHYHHX I BHIAJKOBUX MOXMOOK HA TOYHICTDH
BUMIpIOBaHb Ta 3allPOIIOHOBAHO MiAXiA A0 iX MiHiMi3amii. Po3poOieHa Monens OWIHKA HEBH3HAYCHOCTEH Oa3yeTbes Ha
0araTopa3oBHX CIOCTEPESIKEHHAX, CTATHCTUYHOMY aHaNi3l Ta BHKOPUCTAaHHI KoedimieHTiB 4yTauBoCTi. OTpuMaHi pe3yibTaTH
JIO3BOJISIIOTH IMIJBHIIATH TOYHICTH 1 BIATBOPIOBAHICTH BHUMIPIOBaHb, II0 KPUTUYHO BAXIIMBO JJIi HAYKOBUX JIOCHIJKCHB,
MPOMHUCIIOBUX 3aCTOCYBaHb Ta BHCOKOTEXHOJOTIYHHX Tally3edl. 3amponoHOBaHa METOJOJNOTISI CHOpUSE TapMOHi3amii
METPOJIOTIYHUX CTAHIAPTIB, 1[0 PETYJIIOIOTh BUMIPIOBaHHS MPOCTOPOBHUX TaPMOHIK 30BHIIIHIX MarHiTHUX MOJiB. BukopucranHs
MiAXOAy I03BOJISIE aNanTyBaTH MHOTO OO PI3HUX TEXHIYHUX OO0'€KTiB 1 3a0e3MeYuTH BiAMOBIAHICTH CY4YaCHHM BHMOTaM

METpPOJIOTIYHOTO 3a0€3MeUCHHS.

Kuro4oBi ciioBa: MarHiTHAI JUNONEHUA MOMEHT, TOYKOBHI METOJI, IPOCTOPOBI TapMOHIKH, HEBU3HAYCHICTh BUMIPIOBAHb,

METPOJIOTiYHE 3a0e3MeueHHS

1. Beryn

MarniTHI BUMipIOBaHHS aKTHBHO 3aCTOCOBYIOTHCS
B Pi3HHX c(epax HAYKU Ta TEXHIKH, a IX BUKOPUCTAHHSI
MOCTIHHO PO3IINPIOETHCS. Cepen MarHiTHUX
BUMIpDIOBaHb 3HAYHYy pOJb MAOTh BHMIPIOBAHHS
MPOCTOPOBUX TapMOHIK 30BHIIIHIX MAarHITHHX TIONiB
TEXHIYHUX 3ac00iB — MUIONBHOI, KBaAPYIIOIBHOI,
OKTYMOJBHOI 1 T.4. ckiamoBux. OKpiM BHU3HAUYCHHS
IHTEHCHBHOCTI Mar”iTHOI'O IIOJIS, L€ METO. J03BOJISIE
OTpUMAaTH iH(QOPMAIIIO PO MPOCTOPOBY KOHDIrypamiro
Ta CTPYKTYPY MAarHiTHOrO moyis (i3HYHUX O00'€KTIB.
Cepell IpOCTOPOBHX TAPMOHIK MEPIIOYSPTOBE 3HAUCHHS
3aifMae MarmiTHMH gunomsHuit Moment (M, A'm?). 3a
JCTY 1SO 80000-6:2016 "Benuuunau Ta oauHMIi. U.6:
EnexrpomarHiTHi BETUYMHU', MArHITHHN JUITOJBEHUMN
MOMEHT - (i3WYHA BeEIMYHMHA, SKA XapaKTepHU3ye
MAaTHITHI BIIACTHBOCTI 00'€KTa 1 BU3HAYA€ iHTCHCUBHICTD
i HampsIMOK CTBOPIOBAHOTO IIMM O0'€KTOM MAarHiTHOTO
MoNIsi Ha  BiANAJIEHUX BIACTaHAX. BuMiproBaHHS
MarHiTHOIO JIUIOJLHOTO MOMEHTY € KPUTUYHUMH Y
cdepi MaTepiallo3HABCTBA, HAHOTEXHOJIOTiH, MarHiTHOI
Oesmeku, poGoToTexHiku. Y  cdepi  po3poOku
CIIEKTPOJBUTYHIB, CEHCOPHHX CHCTEM, MAarHITHUX
3amaM’ ITOBYFOUUX MPUCTPOIB Ta MEAMYHHUX TEXHOJIOTIH
(HanpuKIiIaa, MarHiTHO-pe30HaHCHOI ToMorpadii) TouHe
3HAaHHS MAarHiTHOTO MOMEHTY KPUTHYHO BAXKIIMBE JUIS
onTHMi3alil  KOHCTPYKWIH Ta  MiABMIIEHHS  iX
€(EeKTUBHOCTI.

AKTyalTbHICTh TIUTaHHS OI[IHKH HEBHU3HAYCHOCTEH
BAMIPIOBaHb  JIATMIOJBHOTO  MATHITHOTO  MOMCHTY
3YMOBJICHA KiJIbKOMa KITFOUOBHMH (PaKTOPAMHU:

1) BHOCKOHAIGHHS METOAOJOTIT  OIlIHIOBAaHHS
TOYHOCTI  BHUMIpPIOBaHb  JUIIOJEHOTO  MAarHiTHOTO
MOMEHTY  TOYKOBUMH  METOJaMU  IPOCTOPOBOTO
TapMOHIYHOTO aHai3y.

2) BuMiproBaHHsI IUMONTEHOTO MarHITHOTO MOMEHTY
9acToO MPOBOAATHCS B CKJIaJHHX YMOBaX, IO MOB'A3aHi 3
BILUTUBOM TeMIepaTypHHX, MEXaHI9HUX Ta
CIIEKTPOMATHITHUX 3aBaA. 1oMy KOpEKTHa OIliHKa
HEBU3HAYEHOCTI JI03BOJISIE 3a0€3MEUNTH BiANOBIIHICT
BUMIpIOBaHb MI>KHAPOAHUM METPOJIOTIYHIM CTaHIAPTaM.

AHaiiz OCTaHHIX JOCHTIPKEHb 1 MyOiKalii 3 1boro
NHTaHHS ~ MIITBEPIUKYE  AKTYaNIbHICTh  CTBOPSHHSA
METOJIONIOTIi  OLIHKM  HEBU3HAYEHOCTI  BHUMIPIOBaHb
MPOCTOPOBUX TapMOHIK 30BHIIIHBOIO MAarHiTHOTO TOJIS.
Tak B poGori [l], ne 3ampomoOHOBaHO METOA
BUMIpDIOBaHHSI ~ MAarHiTHOTO  JHUIIOJILHOTO ~ MOMEHTY
00’€KTIB THITy KOTYIIKa OLIHEHO TUIbKM METOJUYHY
CKITafoBy TOXuOku B 4 % 0e3 OLIHKM HEBU3HAYEHOCTI
BuMiproBanb. PoboTa [2] BHCBITIIIOE 3araiibHi MHATAHHS

OLIIHIOBAHHS HEBU3HAYEHOCTEN BUMIPIOBaHHS
MAarHiTHOrO JIUIOJIFHOTO MOMEHTY Ta MIiATBEPIKYE
aKTyaJIbHICTh BJOCKOHAJICHHS METPOJIOTIYHOTO

3a0e3MeueHHs] J]aHOI Taly3i BHMIpIOBaHb, ajle HE Jae
METONOJIOTii JUIA OIIHKM HEBHU3HAYCHOCTI HETNPSIMHUX
BUMIPIOBaHb MAarHiTHOTO JIMIIOJIBHOTO MOMEHTY. B
poGoti [3], 1O BHCBITJIIOE TMTAHHS IIiIBUIICHHS
TOYHOCTI BUMIpPIOBaHb MarHiTHOTO MOMEHTY
MaslorabapuTHUX CYIMYTHUKIB BKa3aHO 3a0e3MeYeHHS
2 % MeToanyHOl NOXUOKH Ta 3arajibHOCTEHI0Ba — 13%,
a;e BIOMOCTI TPO HEBU3HAYCHOCTI BHMIPIOBAHb HE
HaBOAATHCS. Tak¥M YHMHOM, OLIHKA HEBH3HAYEHOCTEM
BUMIPIOBaHb MAarHiTHOTO MOMEHTY € aKTyaJbHUM
3aBIaHHsAM Ui HayKH, NPOMHCIIOBOCTI  Ta
BHCOKOTEXHOJIOTTYHUX Tally3ei, 3a0e311euyoun TOUHICTb,
HaJ(IiHICTh Ta BIITBOPIOBAHICTh OTPUMAHUX PE3YJIHTATIB.

Mera cTaTTi — BIOCKOHAJCHHS HAaliOHAIBEHOTO
METPOJIOTIYHOTO 3a0e3MeYeHHs] MarHiTHUX BUMIpIOBaHb
[IJISTXOM pO3poOKH METOHOJIOTIT OI[IHIOBAHHS
HEBM3HAYEHOCTEH BUMIPIOBaHb MPOCTOPOBUX T'APMOHIK
Mar”iTHOTO TOJS TOYKOBUMH MAarHiTOMETPHYHUMH
METOJIaMH.
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2. TeopeTnuni OCHOBH MeTOoay U ~U. 8010 4
BUMipIOBaHHS CKR

30BHINIHI MAarHiTHi TOJS CTPYMIB Ha BEIHKHX
BIJICTaHSAX IIOPIBHAHO 3 pO3MipaMH IXHBOTO JDKepesa
HaOyBarOTh TUIOIBHOTO Xapakrepy. s IXHpOTo onmcy
3aCTOCOBY€EThCSI MOJIENIb €KCHEHTPUYHOI'O HAXHIIEHOTO
MarHiTHOTO JMIOJS, TEOPETHYHE OOIPYHTYBaHHS SKOT
HaBeJeHO B poborax [4, 5] y KOHTEKCTI 30BHIIIHBOTO
MArHITHOTO TOJIA OO0'€KTiB, IO MICTITh EIICKTPO-
pamiooOnagHaHHI. MarHITHUH TOTCHIan  TaKOTo
mkepena  3MII  moximBo  omucatd  chepuIHUM
rapMoHiyHEM psigoM [layca (1) y Burimsmi cymu
MYJBTHUIIONIIB  TPOCTOPOBHUX TapMOHIK  JIUIIOJIBHOI,
KBaJIpyHOJIbHOI, OKTYIOJIBHOI 1 T.J. CKIaJOBHX:

0 n

1 1 .
U==%—= (5nmCOSMo+ hyysinme)- By" (cos6), (1)
4n n=1 R m=0

me R,e,0 — cohepuuyHi KOOPOWHATH  TOYKH

CHOCTEPEXKEHHS, (nm, N — KoedilieHTH psimy, MI0
BU3HAYAIOTh BEJIMYMHU 30HAJIBHUX, TECEPAbHUX Ta
CEKTOpIaIbHUX TapMOHIK MYJBTHUIIONBHUX MAarHITHHX
momentiB, [A-M™']; N — mnopsukoBuii HOMep
npocropoBoi rapmoHiku 3MII psgy Tayca; m -
HOPAJKOBUNH HOMEp €JIEMEHTapHOI'0 MYJbTHUIIONS N-01
rapMmoHiky;  P"(cos®) - npuemHani  QyHKuUil
Jlexannpa.

KomMnoHeHTH HampyXeHOCTI MAarHiTHOTO MO
3HAXOMAThCS TU(EPEHIIIOBAHHIM HOTEHIIany 3 BUpa3y
(1) 3a xoopnuHatamu R, ¢, 0 . Hanpukian, mo3noBxHs

CKJIaJOBa:
10U 1& 1 ¢ :
[ PR N om COSMQ + Ny SINME) -
" R 47% R"2 é(g ? °)
ORY (cos6)

% @)

CyTHICTh 3alPONIOHOBAHOTO METOIY IIOJISITaE B
HacTynHoMY. [IponoHyeThcs IHAYKIIHHUM JaTYuKOM B
TOYKaxX ekBaropianbHOI momuHu 0 = 90° 3i 3HaYeHHM
KyTOBUX KoopauHaT ¢; = (2i—1)45°, ¢, =(2k —9)45°,
e i=1.4, k=5.8
Ui1 mB )

MarHiTHOTO 1o (2). Pesympryroumit curnan U, mB

BHUKOHYBAaTH BI/IMip}OBaHHH

CUrHaJly HaBCICHOI'O Hapr)KeHiCTIO

TIOPIBHIOE
_ 8 AXI(D) RIR) L
KR k& R™(REIRY)-1
XY §om COSMA5°siN? m90°w. (3)
m=1

BUMIPIOBaHUH
BIIOBIAE

3 Bupazy (3)
KOPUCHUM  CHUTHAI

BUXOOUTD, 10

U,, uB, 110
MO3/I0BXXHHOMY MAarHiTHOMY MOMEHTY BH3HAYa€ThCS
BHPa30M:

3 Bupasy (4) BUXOIUTB, L0 MO3IOBXKHIA MarHITHUI
MOMEHT JIXKEpelia MarHiTHOTO T0JIs IOPIBHIOE

Uk; R®
M =gy, = . (5)
8
3. Omninka HEeBH3HAYEHOCTi
BHMIipIOBaHb TUIO0JLHOI CKJIA10BOI1

30BHILIHHOr0 MATHITHOI'O MOJIfA

OuwiHUMO sl  JITaHOTO METOAY BUMIPIOBAaHHS
BEJIMYUHY TO3JJOBXXKHHOTO MATHITHOTO JUIOJBHOTO
MOMeHTY M mxkepena 30BHIIIHEOTO MArHITHOTO TTOJIA i
MOB'sI3aHy 3 HUM  CTaHJAPTHY Ta  PO3IIUPCHY
HEBU3HAYCHICTh, 3pOOHBIIHN OaraTopazoBi BUMipIOBaHHSI
kopucHoro curHanmy (Uj, MB) (tabm. 1) Ta Bimcrani R
BiJl TEOMETPUIHOTO LEeHTPY mkepena BMII no matumka.

Tabmuus 1 — PesynbraTn 6araropa3oBHx
CHOCTEpeKeHb KopHrcHoro curnany, U, MB

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8
10,67 | 10,68 | 10,68 | 10,66 | 10,66 | 10,67 | 10,67 | 10,66
i=9 | i=10 | i=11 | i=12 | i=13 | i=14 | i=15 | i=16
10,35 | 10,66 | 10,68 | 10,66 | 10,65 | 10,66 | 10,67 | 10,67

Tabnuus 2 — Pe3ysbraTi 6araTopasoBUX CIIOCTEPEKEHD
BifcTaHi Rjpg (reOMeTpHYHMI LIEHTP KOOPANHAT— IEPBHHHHI
BUMIpIOBAJIbHUI IEPETBOPIOBAY), MM

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8

500 501 500 500 499 500 501 500

i=9 | i=10 | i=11 | i=12 | i=13 | i=14 | i=15 | i=16

501 499 499 500 499 501 500 500

[omepenupo i3 crocTepeXeHb BUKIIOUEHI TpyOi
MOXUOKM 1 TpOMaxu 1 BHECEHI IIONPaBKH Ha
CHUCTEeMaTH4HI e()EeKTH.

1. Critagaemo crennikamiro BUMIPIOBaHb:

a) YMOBHU BHMIpIOBaHb: HOPMaJIbHI JJaOOPaTOPHI;

0) aHais3 TEXHIYHUX [MOKa3HUKIB: IUIS
BUMIPIOBaHHSI KOPHCHOTO CHIHAJy BHKOPHUCTOBYIOThH
mudpoBuit  BompTMerp  UNI-T  UT632. [na

BUMIpIOBaHHS BificTaHi R BUKOPHCTOBYETHCS IITPUXOBA
Mipa moBkuHHU. J[aBad — IHAYKIIMHWN MepeTBOproBad
(koediuient nepersopenns ki =6+10° A/ uB);

B) CKJIaJJa€EMO MO/ICJIbHE PIBHSHHS:

M :%kf 'Uind 'Ri?ld . (6)

T) KOpeIsIlis: XOIHA 3 BXIIHUX BEIUYHMH HE €
KOPEJIbOBAHOIO 3 1HIIMMH SKOIOCh 3HAYHOIO MipOIoO.

2. Buznaunmo cepesne apudmMeTrdHe pe3ylibTaTiB
0araropa3oBUX CIOCTEPEIKEHb KOPUCHOTO CHTHANLY 3a
hopmyiior:

—_— 16 ~
Uind =iZUindi =lo,67MB .
16°3
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Busnauumo CTaHJapTHE BIZIXHIICHHS
CHOCTEPEKEHb KOPUCHOTO CUTHAITY 33 (hOPMYJIOKO:

s(u ,nd) 0,01mB

Ta CTaHIAPTHY HEBH3HAYCHICTh OIIIHKH pPE3YJIETaTy
BHUMIPIOBaHHS KOPUCHOTO CHTHAIY 3a (POPMYIIOI0

0,01

ind ) r

3. Busznauumo cepenHe apumMeTuiHe pe3yIbTaTiB
0araTopa3oBUX CIIOCTEPSIKEHb BIACTAaHI BiX LIEHTPY

s(U, =0,0025B .

4. 3HaxX0MUMO CTaHIAPTHI HEBU3HAYEHOCTI 1HIINX
OILIIHOK BXIJHMX BEJIMYHH 3a THUIIOM B.

BBaxaroum, mo B Mexax MOXHOKH PO3MOIiJeHi
PIBHOWMOBIPHO, 3HAXOTUMO

0,001 A
ulks) = =6-10%—
Wk ="5"

MB'
5. BusHaunMo 3HaueHHs KOe(ili€HTIB Yy TIMBOCTI
Ci sIK 4acTKOBI MOXiJHI MoJeabHOro piBHsHHs (6) 3a
BXiJIHUMH BETMYHHAMH BiJIIOBIIHO 10 BUpasy (7)

of o

| L2 ; ™)
KOOpJMHAT JI0 JlaBaya: PO O (X X X
_ 1 8, .
Rig =— > Ri4i =500MmM . 1~ - An?
BT C(Vig) ==k R® =0,004 ="
8 B
BusHaunMo cTaHmapTHE BiIXUICHHS CIIOCTEPEKECHDb _ 3r 5,
BiJICTaHi BiJl IICHTPY KOOPAMHAT JIO JaBaya: ¢(Rina) = g kiV R?=64m;
R ) = ~ 1-.—
$(Rina) = 0,73 mm c(ki) =5 RV =0,1667 B,
Ta CTaHNAPTHY HEBH3HAYCHICTh OIIIHKH pPE3yIbTaTy
BUMIpDIOBaHHS BIJACTaHi BiJ IEHTPY KOOPAMHAT JI0 Cxiafaemo Oro/keT HeBU3HAUeHOCTI (Tadi. 3).
JaBaJa:
0,73
S(Rlnd) =——=0,18 mm.
16
Ta6J’II/IHH 3- EIOII)KCT HeBI/I?)Ha‘{eHOCTi BI/IMipIOBaHHﬂ MaFHiTHOFO JAUINOJIBHOI'O MOMEHTY
. Ouinka Yucao Posmoxnin .. Bnecox
Bxinua BXigHOT Crannap THa CTYIICHIB HWMOBIpHOCTI Koe(blmeH"r HEBM3HAYEHOCTI,
BCJIMYMHA HCBHU3HAYCHICTH . . YYTJIMBOCT1 2
BCIIMYUHU CBO60,J:[PI BX11HO1 BCJIIMYUHU A M
An?
Uing 10,67 uB 0,0025 uB 15 3aKOH HOpMAJIbHUN 0,094 2,5-10°*
Ring 500 am 0,18 mm 15 3aKOH HOPMAaJIbHUA 6 Au 1,1-10°°
A 4 A . - 3 4
K 6 — 6-10% — o 3aKOH PIBHOMIpHHIA 0,1667 Bm 10
MB MmB
M 1,01 Aw? 1,1-10°% An? - - - -

6. 3HaXOIMMO CyMapHy HEBH3HAYEHICTh OLIHKH
OCBOBOTO  MArHiTHOr0O MOMEHTY. 3BaXarO4yW Ha
HENIHIAHICTE ~ MOJeNi, CyMapHy  HEBH3HAYCHICTP
3HAXOJIMMO 3 YypaxyBaHHAM BHIIUX WICHIB psIy

Teitnopa 3a popmymoro:
1 & ), of o
2| 00X OX; OX;OX?

U () =
[ €2 (Vo Ju? (Vi) + €2 (Rig JU2 (Rig ) + 2 (K U2 (K ) +

1/2
LMY (oM,
2|\ av? oR?

u, (M) = ((Zc u (X)+Z

i,j=1

2 2
*°M,
+ Fo =
ok?

=11-102 Am?.

7. 3HaXoOMMO OIIHKY BHMMIPIOBAaHOI BEJIIMYUHH.
3Bakaloyn HA  HENIHIWHICTP  MOJeNi,  OLIHKY
BHUMipIOBAHOI BEJIMYMHH TIPOBOANMO 32 hopMyItoro (8)

_ 1 n 1 16
M == fUuRi) ==Y f U, Ri) =101 Am2. (8)
N 1645

8. BusHayaeMo CTaHIApPTHY HEBU3HAYEHICTH THITY
A HenpsMOro BUMIpIOBaHHS Y 3a (opMyInoro

- / M —M)* _
U (M) = z D
/Z% =0,96-10" Aw?.

9. Po3paxyeMo koeillieHT OXOIIICHHS:

K =1togs (Vetr ) -
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EdexTnBHa KITBKICTB CTYTIEHIB CBOOOIH 10. 3HaX0IMMO PO3IINPEHY HEBU3HAYCHICTD
vy =Y U =ku,(M,) = toss(15)-1,1-103 =
ZU“(Vi)“ =2,13-11.10 = 2,34-10° Am’.
i1 Vi
11. 3ammrcyemMo pe3yabTaT BUMIPIOBAHHS Y BHTIISII
_ ug - M, = (1,010+0,002) Aw?, p =0,95.
— ,—\4 —  —\4 o o
k k .
(u@)c)) N (UR)(R)) + (u( el f)) TakuM 4MHOM, PO3POGIEHO METOIMKY OLIHIOBAHHS
Vi Vi 0 HCBH3HAYCHOCTI BUMIPIOBAHb MArHITHOTO JUIIOJIEHOTO
. MOMEHTY 3@  JIOLIOMOTOK)  TOYKOBHX  METO/IIB
_15 (11-10°) _14.92 ~15 [POCTOPOBOTO FAPMOHIMHOIO aHasi3y. 3anpornoHOBaHHIA
- — 4 = =, " veT MOXiA OpUOATHAM IS aHajdi3y HEBU3HAYEHOCTEN SIK
(U(V)C(V)) +(U(R)C(R))4 YUHHHAX faK 11e o
, PCIICKTUBHUX METOJIIB.
4, BuCHOBKH
1) Po3pobnena METOJI0JIOT s OLIIHKH 3) 3anpornoHOBaHUiA MiJXiJ MiJBHUILYE TOUHICTH Ta

HEBU3HAYCHOCTI BUMIPIOBaHb MArHITHOT'O JUIIOJIBHOTO

BIZITBOPIOBAHICTh pe3yJIbTaTiB BHUMIPIOBaHb, MIO €

MOMEHTY  TOYKOBUMH  METOJaMH  IIPOCTOPOBOTO  KPUTHYHO BAXIUBUM JUIi HAYKOBUX JOCIHIIKEHB,

TapMOHIYHOTO aHali3y. 3alpONOHOBAaHMU IMIAXIJ MOXKE  NPOMHCIOBUX 3aCTOCYBaHb 1 BHCOKOTEXHOJIOTIYHHX

OyTH 3acTOCOBaHMH Il OLIHKM HEBU3HAYCHOCTEH  ramysei.

ICHYIOUMX Ta HEPCIIEKTUBHUX METOZIB. 4) 3anpoBaJkeHHS KOHIEMLIT HEBU3HAYCHOCTI Y
2) Pesynbraru CHPUSIOTH rapMoHi3amii  BITYM3HSIHY  METPOJIOTIUYHY  TPAKTHUKY  JIO3BOJIUTH

BUMIpDIOBAJIbHAX CTAHNApPTIB y Taly3l MAarHiTHUX  IIBUIOIMTH  SIKICTb BHMIpIOBaHb Ta  CIIPHATHME

BUMIpIOBaHb Ta JO3BOJISIFOTh  IOKPAIIMTH  IXHIO  PO3BHTKY TOYHMUX MarHITHHX HOCIIKCHB.

BiNOBiTHICTH MIXKHAPOJIHUM METPOJIOTIYHIM HOPMaM.
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Measurements uncertainty evaluation of spatial harmonics of an external magnetic field
O.V. Degtiarov, Yu.V. Kozlov, Yu.E. Khoroshailo, V.O. Lutsenko, M.V. Korbetskyi, V.M. Unger

Abstract

The article considers the methodology for estimating uncertainties in magnetic dipole moment measurements using point
methods of spatial harmonic analysis. The influence of systematic and random errors on the accuracy of measurements is
analyzed and an approach to their minimization is proposed. The developed uncertainty estimation model is based on multiple
observations, statistical analysis, and the use of sensitivity coefficients. The results obtained allow to increase the accuracy and
reproducibility of measurements, which is critically important for scientific research, industrial applications, and high-tech
industries. The proposed methodology contributes to the harmonization of metrological standards governing measurements of
spatial harmonics of external magnetic fields. The use of the approach allows it to be adapted to various technical objects and to
ensure compliance with modern metrological requirements.

Key words: magnetic dipole moment, point method, spatial harmonics, measurement uncertainty, metrological assurance
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USING ARTIFICIAL NEURAL NETWORKS TO REDUCE
NONLINEARITY OF MEASURING DEVICES

S.M. Avakin, S.0. Dovhopolyi, I.0. Moshchenko, O.V. Zaporozhets

Kharkiv National University of Radio Electronics, Kharkiv, Ukraine

Abstract

The article discusses methods for reducing the impact of nonlinearity in the transformation function of measurement
devices on the accuracy of measurement results by applying an additional correction device that implements a dependency that is
inverse to the transformation function. The aim of the research is to explore the possibilities of using artificial neural networks,
specifically multilayer perceptrons and radial basis function networks, as such correctors. The effectiveness of the proposed
correction methods for the transformation function has been investigated through simulation computer modeling, examining the
impact of the type of nonlinearity on the quality of such correction. A comparative analysis was carried out with traditional
approaches, specifically a corrector based on polynomial approximation. The simulation results indicate that the accuracy of
neural network correctors is comparable to that of polynomial correctors, and in some cases, even superior. This opens up
prospects for a broader application of such modern measurement data processing methods as artificial neural networks in

measurement technology.

Keywords: nonlinearity, correction, transformation function, artificial neural network, multilayer perceptron, radial basis

neural network, training.

1. Introduction

The last few decades have been marked by the
rapid development of information technologies, which
have radically and fundamentally changed not only the
usual way of human life but also entire sectors of the
economy in most developed countries of the world. An
undeniable achievement of scientific thought has been
the successes in the development of artificial
intelligence. Research in the field of artificial neural
networks, deep learning, and fuzzy systems has enabled
the implementation of quite complex methods of
mathematical processing and analysis of large data sets,
as well as solving a number of classification,
optimization, = management,  pattern  recognition,
identification, approximation of complex nonlinear
dependencies, diagnostics, and other tasks.

The field of measurements and measurement
technology is also not left behind and is actively trying to
utilize more effective methods of information processing
that will enhance the accuracy and reliability of
measurement results. The role of such methods becomes
increasingly important with the complexity of
measurements and the rising demands for their accuracy.

New directions in applied mathematics, such as the
theory of artificial neural networks, interval analysis,
robust and nonparametric statistics, fuzzy logic, wavelet
analysis, and several others, provide a mathematical
framework for solving those problems for which
classical data processing methods are ineffective. The
development of new methods for processing
measurement information is driven by the needs of
modern measurement practice, which is characterized

by the increasing complexity of measurement tasks and
measurement devices.

The expansion of data processing capabilities and
measurement results is closely related to the
development of measurement methodology, the
improvement of mathematical methods, as well as the
widespread implementation of computing technology in
the measurement chain, including microcontrollers.

2. Problem Statement

For a measuring instrument, one of the most
important are the metrological characteristics that affect
the measurement result and the accuracy of this result.
One such characteristic is the nominal static
transformation function of the measuring device (other
names include transformation equation, calibration
characteristic). It establishes the dependence y = F(x) of

the informative parameter of the output signal y from the
value of the informative parameter of the input signal x.
Usually, the transformation function is required to
be linear within the working measurement range.
However, quite often when solving practical
measurement problems, one has to deal with measuring
devices that have a nonlinear transformation function. For
example, analog electronic megohmmeters in the mode of
measuring high resistances (units and tens of megohms)
have a reverse non-uniform scale. The sensitivity of the
device in different sections of such a scale will vary,
which is not entirely convenient both when taking
readings and when assessing the measurement result's
error. Individual elements of the measuring circuit, such
as semiconductor thermistors or diodes, also have
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significantly nonlinear operating characteristics, which
affects the transformation function of the device.
Sometimes, it is possible to approximate the
transformation function to a linear one using circuit
design solutions, but this is not always the case.
Typically, in practice, the transformation function
is approximated by a linear dependence ¥ =a+bx, the

unknown coefficients a and b are found using the least
squares method. However, in cases where the
nonlinearity of the transformation function is
significant, such an approach does not yield the desired
results, as a large systematic error arises due to the
deviation of the nominal transformation function from
the actual one (Fig. 1).
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Fig. 1. Linearization errors of the transformation function

To reduce this error, one can attempt to convert the
nonlinear function y=F(x) into a linear form

y =a+bx by changing the variables

y=0(y), X=y(x)

with subsequent determination of the coefficients a and
b of the linear function using the least squares method
[1]. However, in this case, it is necessary to know in
advance what the nonlinear transformation function
looks like, that is, to have prior information about the
structure of the mathematical model of the measurement
device. The justified choice of the type of this nonlinear
dependence is quite a complex task, which is poorly
amenable to formalization and is carried out based on
known physical laws or the personal experience of the
specialist solving the problem.

One of the well-known approaches to reducing the
impact of the nonlinearity of the transformation function
on the measurement result error, which can be
considered universal, is the algorithmic correction of the
transformation function. A special correction device is
connected in series with the measuring instrument,
which performs the inverse transformation with respect

to its characteristic X=F *(y). As a result of such

correction, we obtain an estimate X of the input signal

(measured quantity) x, and the resulting transformation
function becomes linear. An important additional
condition is the invariance of such a converter to the
form of the nonlinear function being corrected, that is,
the ability to adapt to any transformation function.

The aim of this article is to investigate an adaptive
system for correcting the transformation function of a
measurement device, which will utilize an artificial
neural network as a correction device and ensure the
linearity of the transformation function across the entire
range of possible values of the measured input quantity.

3. Correction of the transformation
function using an artificial neural network

Artificial  neural  networks  (ANN) are
computational structures built on the principles of
biological neural networks formed by the cells of the
brains of living organisms. A distinctive feature of
ANNSs is their ability to learn, which has made them a
priority area of research in the field of artificial
intelligence. The theory of ANNSs has been rapidly
developing in recent years, contributing to an increased
interest in their application across various fields of
science, technology, economics, medicine, military
affairs, and more. Due to properties such as high
reliability of operation, noise immunity, ability to
generalize, and the possibility of implementing complex
multidimensional mappings, neural networks are widely
used for pattern recognition and classification, decision-
making and  control,  optimization,  function
approximation, forecasting, filtering, and memory
organization [2-5].

Considering the aforementioned features of ANNS,
particularly its ability to serve as a universal
approximator of complex nonlinear dependencies, it is
most appropriate to use a neural network as a correction
device, as demonstrated in a number of studies [6-10].
Figure 2 shows the structure of such an adaptive
correction system for the transformation function of the
measurement device. The effect of internal and external
random factors on the measurement process is
represented by additive noise &(t) at the output of the

measuring device, where t — current time. The output
signal y(t) is fed into the correction neural network,

which performs the inverse transformation and generates
an estimate of the input signal (measured quantity) X(t).

The training algorithm adjusts the synaptic weight
coefficients of the neural network in such a way as to
ensure the best approximation of its output signal X(t)
to the known value of the input signal x(t). In this
process, the mean squared error of the correction
e(t) = x(t) — X(t) is minimized using one of the known
gradient optimization procedures.
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Fig. 2. Structure of the adaptive system for correcting the nonlinearity of the transformation function of the measuring device

4. Correction device based on a
multilayer perceptron

A multilayer feedforward neural network, or
multilayer perceptron (MLP), consists of several layers of
formal neurons connected in sequence: an input layer,
hidden layers, and an output layer (see Fig. 3). Neurons
within the same layer are not connected to each other; the
outputs of the neurons in the n-th layer are fed into the
inputs of the neurons in the next n+1- th layer. The
input vector signal is fed into the inputs of the neurons in
the first layer, and the output signals of the last layer form
the output vector signal of the network. The configuration
of MLP is determined by the number of layers, the
number of neurons in each layer, and the activation
functions of the neurons. Training involves adjusting the
connection weights between neurons in such a way as to
ensure the required values of the output signals of the
network. During the training process, a multilayer neural
network is capable of identifying complex dependencies
between input and output signals and performing
generalization. When using the supervised learning, the
dataset on which the neural network is trained must be
labeled or marked, meaning it should contain the correct
answers (outputs of the neural network) for each input
sample of the training sequence.

__ Back propagation of error signal

[

Input 1

Output

Input 2

Input n

Input layer

Hidden layers Output layer

-

Forward feed of function signal

Fig. 3. Multilayer perceptron

It is proposed to implement a device for correcting
the nonlinearity of the transformation function of the
measurement device based on a three-layer perceptron,
the structure of which is shown in Fig. 4.

The output layer of the perceptron consists of one
neuron that generates the signal X as a weighted sum of
the output signals of the neurons in the hidden layer

n

J:
where Oj is the output signal of the j-th neuron in
the hidden layer; V;j is the synaptic weight of the j-th
input of the output layer neuron; n is the number of
neurons in the hidden layer.

The hidden layer of the MLP is formed by neurons

with sigmoid activation functions. Each neuron of this
layer is described by the following equations

0= 1—3- '
l+e ™
m
i=

where O; is the output signal of the i-th neuron in
the input layer; Wj; is the synaptic weight of the i-th
input of the j-th neuron in the hidden layer; m is the
number of neurons in the input layer.

The input layer of neurons is formed by the input
signals of the neural network, which in the context of
the problem under consideration are the output signal of
the measuring device y and a constant signal equal to
one, introduced to account for the constant offset.

Fig. 4. MLP-corrector

MLP training is based on minimizing the mean
squared error

E- 23 0= 22 (0-30F
k=1

k=1

by adjusting the synaptic weight coefficients of neurons
using gradient methods. The two most popular learning
algorithms are:
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— back propagation;

— Levenberg-Marquardt algorithm, which is a
combination of the Gauss-Newton method and the
gradient descent method.

In our case, it is more appropriate to use the
Levenberg-Marquardt algorithm for training the MLP,
as it has a higher convergence speed compared to other
gradient optimization methods.

The dataset for the training procedure of the
correction neural network will consist of pairs of values
{<y(1), x(1)>, <y(2), x(2)> ... <y(N), x(N)>},
obtained during the calibration of the measurement
device by applying a reference signal x(k) and
receiving the corresponding output signal value y(k).

5. Correction device based on radial
basis function neural network

Another universal approximator of complex
functional dependencies is the radial basis function
neural network (RBFN). The architecture of such a
network consists of three layers: an input layer, which
receives the vector of input signals; a hidden layer,
composed of radial-type neurons; and an output layer,
which forms a weighted linear combination of the
outputs of the hidden layer neurons (Fig. 5).

Ci, G

Fig. 5. RBFN- corrector

If the Gaussian function is used as the activation
function of the hidden layer neurons, then the equation
of such a transformer will have the form

X = ivi exp(— MJ 3)

i=1 ZGi

where c; is the center of the i-th basis function, and o;

is its radius (width). The training of RBFN involves
determining the linear weight coefficients V; of the

output neuron, centers c¢; and widths o; hidden layer

neurons. In this case, the following options are possible:

1) fixed values for the centers and widths of the
hidden layer neurons are set, and the weight coefficients
of the output neuron are determined through training;

2) the centers and widths are determined through
self-learning (most often using clustering methods), and
then the weights of the output neuron are adjusted to
minimize the objective function (2);

3) all network parameters are determined using
supervised learning.

6. Results of experimental studies

To study the properties of the proposed neural
network systems for correcting the transformation
functions of measurement devices, computer modeling
was performed in the MATLAB environment using the
Neural Network Toolbox. During the modeling process,
the influence of the type of nonlinearity on the quality
of the correction of the transformation function was
investigated, while the following types of functions
were used for modeling the nonlinear measurement
device [1]:

1) sinusoidal y =sin(ax+Db);

2) power y:axb;
3) hyperbolic y=a+b/x;

4) fractional-linear | y =

a+bx’
X

5) fractional-linear Il y = ;
a+bx

6) exponential | y=ae™;

7) exponential 11 y =ae®*;

8) logarithmic | y=a+blnx;
9) logarithmic Il y=a+b/Inx.

Additive noise at the output of the measurement
device was modeled as a Gaussian random process with
a zero mean and a standard deviation of 0.005. The
quality of the correction was assessed by the root mean
square deviation of the corrected signal estimate from
its true value

=L S ) = () P
3‘\/N_1kz_l(x(k) %)) (4)

For comparison, modeling of a similar correction
system for the transformation function based on a 5th
degree polynomial approximator was carried out. The
modeling results are presented in Figures 6-11 and in
Table 1.

Nonlinear transformation function Corrected transformation function POLY

10

2 4 L : 10 (¥ 2 4 L B [

¥
Corrected lrnnslor;m"un function MLP Corrected transformation function ABFN

10 E
A

B 8 0 [ 2 4 i

Fig. 6. Correction of the sinusoidal transformation function
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Table 1 — Root mean square error of correction for various nonlinear functions and correctors

Root mean square correction error
Function Formula
POLY MLP RBFN
1. Sinusoidal y =sin(0,3x-1,7) 0,0615 0,0752 0,0700
2. Power y=2.x1° 0,2621 0,1992 0,1983
3. Hyperbolic y=5+3/x 0,1360 0,1374 0,1414
. . 1
4, Fractional-linear | y—m 0,0974 0,0985 0,1016
5. Fractional-linear |1 y= X 0,1076 0,1061 0,1053
0,5+1,2x
6. Exponential | y=5-g70°* 0,2160 0,1870 0,1611
7. Exponential 11 y= 5.e05/x 0,1780 0,1727 0,1590
8. Logarithmic | y=5+3-Inx 0,0704 0,0715 0,0911
9. Logarithmic 11 y=5+3/Inx 0,3099 0,2814 0,2849
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The points of the training sample are marked with  similar system based on a polynomial approximator

circles on the graph of the function. shows that the root mean square error of correction for

some types of nonlinear transformation functions differs

. ——— insignificantly between traditional and neural network

correctors, while for others, the neural network
. approach demonstrates better results.

From this, it can be concluded that the simulation
results fully confirm the operability of the proposed
Tm adaptive system for correcting the nonlinearity of
R - T transformation functions based on ANN and are
‘ l [Hlj‘ W ﬂ , ” g consistent with theoretical assumptions. The advantage
i B ”IHI of the proposed approach is the invariance of neural
’ ’ 3 3 network correctors to the type of nonlinear
WPOLY BMLP WRBFN characteristic of the measurement device and the ability
to synthesize such systems through training, without
involving complex design methods. This significantly
expands the application possibilities of such systems in
metrological practice, particularly in the channels of

The analysis of the simulation results presented in  information-measurement systems, where it is quite
Figs. 6-11 and in Table 1 indicates that the proposed straightforward to implement methods of digital
neural network system for correcting the nonlinearity of ~ processing of measurement information.
the transformation function of the measurement device The use of the proposed correction based on a
based on MLP and RBFN is suitable for correcting a  neural network approach will significantly reduce the
fairly wide class of nonlinear transformation functions  systematic ~measurement error caused by the
encountered in measurement tasks. Comparison of the  discrepancy between the nominal and actual
characteristics of neural network correctors and a transformation functions of the measurement device.

|
L

H

J

Bl o

Fig. 11. Correction errors

7. Conclusions
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BuxopucTaHHs IITYYHUX HEHPOHHUX Mepesk 1Jisl 3MEHIICHHS HeliHiliHOCTI BUMIPIOBAILHUX NIPUCTPOIB
C.M. Agakin, C.O. [losrononuii, I.O. Momenko, O.B. 3anoposxers

AHoTanist

V crarti po3riasHYTO METOAM 3MEHILICHHs BIUIMBY HENIHIHHOCTI (YHKIII MEpeTBOPEHHS BHMIPIOBAJbHUX MPHIANIiB HA
TOYHICTh PEe3yJIbTAaTiB BHMIPIOBaHb I[UIIXOM 3aCTOCYBaHHS [OAAaTKOBOTO IMPUCTPOIO KOPEKIii, 10 peasi3ye 3alexkHICTb,
obepHeHy a0 (yHKIII mepeTBOpeHHS. METO MOCTIKEHHS € BUBYCHHS MOMKIMBOCTCH BHKOPHUCTAHHS B SKOCTI TaKHX
KOPEKTOPIiB IITYYHHUX HEHPOHHHX MEpexk, 30KpeMa 0araTomIapoBHX MEPCENTPOHIB 1 MEpeX pamialbHUX Oa3uCHHUX (QYHKIIIH.
EdexTHBHICT 3aIpONIOHOBAaHMX METOAIB KOPEKIii (YHKIi NepeTBOPEHHs JOCIIHKEHO NUIIXOM IMITAIIfHOTO KOMIT' IOTEPHOTO
MOZENIOBAaHHS 3 BUBUCHHSIM BIUIMBY THITy HENIHIIHOCTI Ha SIKICTh Takoi Kopekiii. 3miiCHeHO MNOpIBHSIBHUN aHam3 3
TPagUIiiHIMHU MiJXOJaMH, 30KpeMa KOPEKTOPOM Ha OCHOBI MOJIHOMiadbHOI ampokcumariii. Pe3ynbratd MoIetOBaHHS
MOKa3yl0Th, IO TOYHICTh HEHPOMEPEKEBUX KOPEKTOPIB MOPIBHSHHA 3 TOYHICTIO IMOJIHOMIaJbHUX KOPEKTOPIB, a B JESIKHX
BHUINAJKaX HaBiTh mepeBepiuye ix. Lle BifKkpuBae NEpCHEKTHBH IIMPLIOrO 3aCTOCYBAHHSA Y BHUMIpIOBAJbHIH TEXHIIl TaKhX
Cy4JacHHX METO/IiB 00pOOKH BUMIPIOBANBHOT iH(pOpMaLil, K ITYy4YHI HEHPOHHI MEePEexi.

KurouoBi cjioBa: HemiHIHHICTB, KOPEKILis, (YHKIS TMEpPEeTBOPEHHS, LITyYHAa HEHpOHHA MepeXa, OaraTromapoBHit
MEPIENTPOH, pagianbHa 0a3ucHA HEHPOHHA Mepeka, HaBYaHHS.
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OBPOBKA IH®OPMAIIII 3 MIKPOIIPOLIECOPHOI
BUMIPIOBAJIBHOI CUCTEMM JUIA TEXHOJIOI'TYHOTI'O ITPOLECY
BUPOBHHUILITBA BEPIIKOBOI'O MACJIA

[.B. I'puropenko, C.M. I'puropenko, A.A. llludanos, B.B. JIucenko
Hayionanvnuii  mexuiunuii  ynisepcumem  «Xapkigcokuti  NONIMEXHIYHULL  THCIUMYMYY,
grigmaestro@gmail.com.

m. Xapkis,  Vkpaina, e-mail:

AHoTanis

J171s1 KOHTPOIIO TEXHOJIOTIYHOTO IPOILIECY BUTOTOBJIEHHS BEPIIKOBOTO Maciia JOLIBHO BUKOPHUCTOBYBAaTH MiKPOIPOIIECOPHI
BUMIPIOBAJIbHI CHUCTEMH, LIO 3[4aTHi HE TUIBKA OTPUMYBAaTH MOTOYHI 3HAYCHHS MapaMeTpPiB KOHTPOJIO, aje i CBOEYacCHO
BCTAHOBJIIOBATH MOMEHT METpPOJIOTIYHOI BiZIMOBHM CEHCODIB i TEXHOJOTi4HOro obnasHaHHA. Lle 103BOJIs€ YHHKATH BHUITYCKY
HESKICHOT MPOAYKLil 4epe3 He NOTPUMAHHS YMOB TEXHOJOTii BHPOOHHIITBA, a TaKOX IepeadadaTd BUHUKHEHHS aBapiifHUX
cuTyanid Ha BUPOOHHWLTBI. Y poOOTI MpPEACTaBIEHO MIKPOMPOLECOPHY CHCTEMY, IO 3/JaTHa KOHTPOIIOBATH TEXHOJOTIIO
BUPOOHUIITBA HAa OCHOBHHUX €Tamax IIePEeBIPKH SIKOCTI MOJIOKA, OXOJOKEHHS MOJIOKAa, CEMapyBaHHS MOJIOKA, MacTepH3amii
BEPIIKIB, OXOJOMKEHHS JI0 TeMIleparypu (Hi3HIHOTo N03piBaHHS, 30MBaHHS BEPIIKIB. 3aBSKH BIIPOBAKEHHIO 3alPONOHOBAHOI
CHCTEMH OTpHMaHI pe3ylbTaTd HATYpHHX BHMIpIOBaHb TemnepaTypu Ha erami «[lacTepmsamis BepIIKiB» TEXHOJIOTIYHOTO
NpOLieCy BHTOTOBJICHHS BEpIIKOBOrO Macia. [IpoBeJeHO IepeBipKy pPIBHOTOYHOCTI Pe3yJIbTaTiB Cepil CIOCTEpEeIKEeHb JUIs
MepeBipKH METPOJIOTIYHOT HAIIITHOCTI BUKOPUCTAHUX CEHCOPIB.

KurouoBi ci10Ba: Mikporpolecop, CHCTeMa, CEHCOpP, KOHTPOIIb; AUCHEPCiHHMIT aHali3, BUMiPIOBaHHS.

1. Beryn

BepmkoBe Maciio — 1€ BCECBITHBO BiJOMHH
XapUOBHHA TPOAYKT, IO BHUPOOIAETHCA TEPEBAXKHO i3
KOPOB’ST90TO MOJIOKA 1 CKJIAAETHCS 13 MOJIOYHOTO XKHPY.
Bono wmae cremudiuamii 3amax, cMak 1 IDIACTHYHY
KOHCHUCTEHIIif0. KpiM OCHOBHOTO KOMITOHEHTY — JKHDY,
Maclio MICTUTh OiTKM, BITaMiHHM, BOXY, MiHEpaJbHi
PEYOBHMHH, MOJIOYHHH ITyKOp, hocdarnam Ta iH. [1].

Pi3HOMaHITTS BEpIIKOBOIO Macia IOB’S3aHO 13
TEXHOJIOTIEI0 MePepOOKH CUPOBUHH Ta CKJIAZIOM TOTOBOI
nponykuii. Haii6inein mommpennM Ha YkpaiHi €
COJIOZIKO-BEPIIKOBE MAcJIO, SIKE BUPOOJISETHCS 13 CBIKUX
MacTepU30BaHUX BEPUIKIB.

[Ipobnemu 3a0e3meUeHHS IKOCTI 1 TOTPUMAHHS YMOB
TEXHOJIOTii BUPOOHMIITBA BEPIIKOBOIO Maclia IiKaBIATh SIK
BITUI3HSHEX [2, 3], Tak 1 3akOpHOHHUX BYeHHX [4—7]. s
BUpIMICHHS 3a/ad KOHTPOJIO TEXHONOTii BHPOOHMIITBA
BEpIIKOBOIO ~ Maclia  JOLIIBHO  BHKOPHCTOBYBATH
MIKpOIIPOIIECOPHI BHUMIPIOBAIBHI CHCTEMH, $Ki 3HaTHI
OXOITUTH OCHOBHI IULTHKK TEXHOJOTIYHOro mporiecy. Jlo
JUISHOK, $IKi TOTPeOyIOTh TOCTIHHOIO aBTOMAaTHYHOTO
KOHTPOJIIO, ~ BIZJHOCSTBH: TIEPEBIPKY SKOCTI  MOJIOKA,
OXOJIOMKEHHS MOJIOKa, cerapyBaHHs MOJIOKa,
MacTepH3allil0 BEPILIKIB, OXOJOIKEHHS 10 TeMIeparypH
(hi34HOTO JI03piBaHHSI, 30MBAHHS BEPLIKIB.

BripoBa/pkeHHST MIKpOIIPOIIECOPHOT BUMipPIOBAIBHOT
CHCTEMHM  JI03BOJIMTH  3a0€3MeYUTH  JOTPHMAaHHS
BCT@HOBJICHMX YMOB BUPOOHHIITBA 3aBSIKH CBOEYACHOMY
BUMIPDIOBAHHIO 1 KOHTPOJIO OCHOBHHX  (i3MUHHX
BEJIMYMH, TaKHUX SIK: TeMIeparypa, THCK napy, piBeHb pH
Ta MBHIKICTE OOSPTaHHS Bally IBUTYHA MIIIANKH, IO
JACTh MOXJIMBICTH OTPHUMYBATH SIKICHY TIPOIYKIILIO.
TakoX 3’ABUTHCS MOMJIMBICTH TEPeNOAYUTH 1 YHUKATH
aBapifHMX  CHUTyalii Ha  BHPOOHHWITBI  MUIIXOM
CBO€YACHOI'0 BILUIMBY Ha TCXHOJ’IOFi‘-IHI/Iﬁ IponecC 3aBAAKA
Ji{ BUKOHABYMX MPUCTPOTB.

Merta podoru. Po3poOka MikpomporecopHOi
BUMIPIOBAIBHOI CHCTEMH JJIS TEXHOJIOTTYHOTO MPOLECY
BUTOTOBJICHHSI ~ BEpIIKOBOIO Maciia Ta o0poOka
pe3yNbTaTiB HATYPHUX BUMIPIOBAaHb TEMIIEpaTypH Ha
erami  TexHomorignoro  mporecy  («Ilactepmzartist
BEPILKiB») Ui MEPEBIPKH PIBHOTOYHOCTI pe3yNbTaTiB
cepiif crocTepekeHp, 1, TAKUM YHHOM, IiATBEPIKCHHS
METPOJIOTIYHOI HaJIHHOCTI BUKOPHCTAaHNUX CEHCOPIB.

2. Po3poOka eleKTPUYHOI MPUHIMIIOBOI
CXeMH MIKpONPOLEeCOPHOI BHMMIipPIOBAJIbLHOI
CHCTEeMH [JIsi BHPOOHMITBA BepPIIKOBOIO
MacJja

Ha migcrasi HEOOX1THOCTI TIPOBEICHHS
BUMIpIOBaHb TEMIIEpPAaTyp Ha eTamax TEeXHOJIOTIYHOTO
NpoLeCy BUTOTOBJICHHS BEPIIKOBOTO Maclia y Jiarna3oHi
(+4...100) °C o6paHo y sIKOCTi CeHcopa TeMIeparypH
Tepmorapy Tuiry TXA (XpoMens-amoMens).

JIyis IOCHIIEHHSI BUX1THOTO CUTHAJY 3 TepMOmap y
SKOCTI BTOPHHHOTO BUMIpIOBaJIbHOTO MEPETBOPIOBaYa
(BBII) obpano BHCOKOTOYHHI U POBUIA
neperBoproBad MAX31855. Mikpocxema MAX31855
MpHU3HAUYEHAa ISl TEepPEeTBOpeHHS y ImdpoBy Qopmy
curHamiB Bix Tepmomnap tumie K, J, N, T abo E Ta
3a0e3Iedye KOMITGHCAIiI0 HECTaOIIPHOCTI XOJOTHIX
craiB.

Kontpons Tucky y miana3zosi Big 1,5 mo 2,0 6ap Ha

erami macTepu3alil  BEpUIKIB TPH  TeMIeparypi
(+95...100) °C 3miiicHIOETBCS 3a OMOMOTOK CEHCOpa
Tucky APZ 3420s.

VY sxocti cencopa piBHs pH oOpano Ceragel
CPS71. Cencop Ceragel CPS71 — anasorosmii pH
CIIEKTPOJ, IO PO3POOICHHI ISl OYMCHHX TEXHOJIOTIH,
TirieHiYHUX 1 CcTepmwiapHHX 3acTocyBaHb. CPS71
oOMagHaHUI CHCTEMOIO TOIBIHHOI KaMepH MOPiBHIHHSI
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i3 BHYTPIIIHIM CHOJXYYHUM EJEKTPOIITOM 1 JOAATKOBO
Mae BOYJIOBaHHI1 CEHCOp TEMIEpaTypH.

VY sKOoCTI ceHcopa KimbKOCTi 00epTiB Bary oOpaHO
cencop Xomra USI1881, mo pearye Ha HasBHICTHh
MarHiTHOTO OIS,

VY sikocTi MikpokoHTpoJepa obpano ATmegal6.

Harunkn  xoHTpomo  temmeparypu  TXA-1090
migKimrodeHi 10 pos’enHanp X1-X6 BimmosigHo. [lns
KOMITCHCAIlli HACTaOUIbHOCTI TEMIIEPAaTypH XOJIOJHOTO
Clar0  TepMoliap 1 TACWIEHHS pIBHIO  CHUTHATY
TXA-1090 miaKITFOYaeThCs A0 MIKPOKOHTpOJepa depes
BUCOKOTOUHI I1(poBi neperBoproadi MAX31855 (DD1-
DD6). JKupieHHst mogaeThest uepes po3’enHyBaq X 7.

Haruukn xontpomo piBas pH Ceragel CPS71
i €THYIOTBCA 10 po3’enHyBaviB X8 ta X11. Jlarumk
KimpKocTi 00eptiB Bamy US1881 min’emHyroTbes [0
po3’eanyBaqiB X9. Jlarunk koHTposro Trcky APZ3420s
MiAKITIO9aloTECS 10 po3’emHyBawa X10. Buxigmi
CUTHAJM 3 JATYUKIB KOHTpoOJto piBHIO pH, ThCky Ta
KUIBKOCTI 00EpTIB Baly y BUIVISI aHATOTOBHX CUTHAIIIB
HAIXOAATh HAa IIMHY MikpokoHTposnepa DD7, 1o
MicTuTh  8-kaHanpHHN  10-po3psimHUMII  BOyHZOBaHUI
aHaJoro-1u(poBHii IEpeTBOPIOBaY.

Mikpokonrponep ATmegal6, 1o mpeacTaBiIcHUN
Mikpocxemoro DD7, 3miificHFOe 00pOOKy —pe3ynsrary
BUMIPIOBAaHHS 13 TOJAIBILIOI0 [epefadero JaHuX Ha
1(POBUH BIUTIKOBUH TIPUCTPIH, SIKUH NpenCcTaBiICHUH

X8

mikpocxemoro HD44780 (HG1). PerymoBaHHs sickpaBocTi
PIIKOKpHCTAIIYHOTO iHIMKaTOpa 3a0e3neuye pesuctop R3.

O06pobieHi MIKPOKOHTPOJIEPOM JlaHH1
NEepeAaloTCs A0  CJICKTPOHHOI  OOYMCIIOBAIBHOL
mamman  (EOM) uepes pos’ennyBad X12  3aBosku
nocimoBHOMY iHTepdeticy RS485, sxuit mpeacraBieHo
Mmikpocxemoro DDS. Ilepenbadena TakoX MOXKIUBICTH
PYYHOTO CKHIAHHS MIKPOKOHTpPOJEpa 3a JOIIOMOTOI0
KHOIIKOBOTO mepemukada SB1 i3 pesuctuBHOIO
00B’s3k010 R1 Ta R2.

Konpencaropu C7 i C8 motpiOHi uisi 3aaBaHHS
pexuMy poOOTH KBapIloBOro pe3onaropa ZQl.

Po3pobiiena  MikpompoliecopHa  BHMIiprOBaJIbHA
CHCTEMa MOXK€e TpAIioBaTH B YOTHPHOX OCHOBHHX
PEKHMAX:

1) BUMIpIOBaHHS 3 HIUKAI€I0 IOTOYHHUX 3HAYECHb
TeMIIepaTypH, KUTbKOCTi 00epTiB, THCKY Ta piBHS pH;

2) mepemis/] BUMIpSHUX Pe3y/bTaTiB i3 mam’sTi;

3) ycTaHOBKa / KOPEKIIisl IaTH Ta 9acy;

4) oumcTKa BMICTy T1aM’ATi.

[MporpamyBaHHs 3a [UKIIYHAM  QITOPUTMOM
POOOTH CHCTEMH 3MIHCHIOETHCS 3a qormoMororo EOM mo
inrepdeiicy RS485.

Enexrpuuna [IPUHIIMIIOBA cxema
MIKpOIPOLIECOPHOT BUMIPIOBAJILHOT CUCTEMHU

napaMeTpiB TEXHOJIOTIYHOTO IPOIIeCYy BHUIOTOBJICHHS
BEPILIKOBOI'O Macja NpeACTaBlIeHa Ha puc. 1.

X10 X11

Circuit | Cont Circuit_|Cont Circuit Cont Circuit_{ Cont
12V, 1 +12v +12v HN
GND 2] GND GND GND | 2
v |3} B v |3 v |3
DATA 4 DATA | 4 DATA DATA,
Ceragel CPS71 US1881 APZ 34205 Ceragel CPS71
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Puc. 1. EnexTpryHa NpUHIXIIOBA CXEMa MiKpOIIPOIIECOPHOT BUMiPIOBAaJIbHOI CHCTEMH JJIs1 BAPOOHUIITBA BEPIIKOBOIO MAacia
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3. AHaJIi3 32 KpUTepieM PiBHOTOYHOCTI
pe3yJabTAaTiB cepiil crnocTepexeHb
BukopucTanHs ~ TEpMIHIB  «pPIBHOTOYHI» 1

«HEPIBHOTOYHI» pe3yJbTaTd BUMIPIOBAHb IPYHTYHOTHCS
Ha TOPIBHSHHI 1 JOMYCTUMOCTI BIJIMIHHOCTEH OLIIHOK

BHYTpILIHBOTPYNOBUX ~ AucHepcii  abo  cepeiHbo-
kBagparnunux  Biaxwiaens  (CKB)  pesynbraris
BUMIpIOBaHb. Jns nepeBipKu JIOITYCTHUMOCTI

BiIMIHHOCTEH BHKOPUCTOBYIOTh Kpurepiit P. dimepa
(mpm umemi cepiii L=2) abo xpurepiit M. Baptierra
(mpw yucni cepiii L>3) [8].

Bigmosigao 1o kputepito Dimepa BiAMIHHICTE MK
HE3MILIEHUMH OLIHKAMU JUCIepciit 8f i 6% pesyIbTaTiB
JIBOX cepiif 13 4iCIoM crocTepeskeHb Ny i N, BBAKAETHCSA
JIOITyCTUMOIO, SIKILIO BUKOHYETHCS YMOBa!

1 _of
—— <<k, &)
Fa/z Gg /2
- 1 < =\
ne Gizz_Z(Xiq_Xi) ; 2
n -1
g
R 1 v - 1 < R
A N o o/ 4 (N o/ I\
Og iq i n; Oj - ( )
N_Li=1q=1 N-LiT
®opmyna  (2) €  HE3MILICGHOI  OLIHKOIO
BHYTPiLIHBOTPYIIOBOT Jucnepcii pe3yJibrariB

crocrepeskens i-1 cepii, i =1,L [8-10].

3HaueHHs F,, 3aneKHO Bil 4MCIA CTENCHIB
BIJIBHOCTI JJI1 PIBHIB 3HAYYHIOCTI 0 HAaBOIATBHCS Y
Tabmuuax g0 kpurepito @Pimepa. Yucino cremneHiB

BUTBHOCTI [UIS OIIHKH JIUcHepcii 8% JTIOPiBHIOE

key =N, —1. Jlst ouinkw gucnepcii 63 BOHO IOPIiBHIOE
ke, =N, —1. Ominku mucnepciii 67165 3HaxomATH 3a
dhopmynor (2), micis 4Oro nepeBipsitOTh HEPIBHICTDH
(1) 8]
Kpurepiit
L>3 i

BapTieTra BHKOPHCTOBYETBHCS —MpHU
M, >4. BiH TIpyHTyeThCS Ha OOYMCIIEHHI
x?' -po3noiny
2,303 ¢ G4
== =2 -1)-lg=5 (4)
i=1

1 8

1 | 1 1
3(L-1) ig‘ni—l_N—L ! ©)

2
X

mne c=1+

L
N = Z N; - Y9HCIIO CTIIOCTEPEXEHb y BCix L-cepisx.
i=1

Ouinku  aucnepciit Giz i 62

3HaXOIATh 3a
dopmymamu (2) 1 (3). Sxmo B ycix cepisx YHCIO
criocTepexkeHb n; > 30, To MoXkHa BBaxkatu € = 1 [8].

Kpurepiit bapmierra Bu3Ha4aeThCsl HEPIBHICTIO

2<%, (6)

e Xi—XZ - POBIOAIIN IS PiBHS 3HAYYIIOCTI 0, HOTO
3HaXOJATh 3a TabnmuIsMu  Kputepis baptierra.
BxigHumu nmaHuMu s i€l TaOnuii € piBeHb
3HAUYWOCTI o 1 4mcnmo cremeHiB BimbHOCTI Ko (¥

naHoMmy Bumaaky K, =L-1). Meroauka uepeBipku
PIBHOTOYHOCTI pe3yJbTaTiB Cepiil CIIOCTEepexeHb 3a
kputepiem Baprierra HacTynHa [8]:

— 00YHUCIIOIOTH HE3MileH1 OLIIHKHA

BHYTPIIHEOIPYIOBHX JHCIepCiii 62, 653,..., 62 3a

opmysoio (2);

— BH3HAYaIOTh CEepeAHE apu(METHYHE 3HAYCHHS
HE3MIMICHNX OIHOK BHYTPIIIHHOTPYIIOBUX AUCHEPCiit
pE3YNBTATIiB  CIIOCTEPEXKEHD (CEpeqHE  PO3CIFOBAHHS
BcepeauHi rpyt) 3a popmynoro (3);

— O0YHCITIOIOTh 3HAYCHHS xz 3a (opmysoro (4) i3
3aCTOCYBaHHIM criBBimHOmeHHS (5);

— 3aJaf0Th PiBEHBb 3HAYYIIOCTI O Ta 3HAXOIATH 32

Tabnuieto kpurepiro baptierra 3HaueHHS xi ;

— MEePeBIPSIIOTh BUKOHAHHS HepiBHOCTI (6), TOOTO
Kputepiro bapmierra.

SIKIIO 1151 HEPIBHICTh BUKOHYETHCS, TO BIIMIHHOCTI
MiX JICTIEPCISIMU pe3yabrariB BUMIPIOBaHb
BBAXAIOTBCS JIOMYCTHUMHMH 1 BHpIIIYEThCS 3ajava
00’elHAHHS pe3yNbTaTiB  OAHOPIIHUX PIBHOTOYHHX
cepiii crocrepekeHb. Y IHIIOMY BUIAIKy (3a yMOBH,
KOJIM PEe3yJbTaTH CIOCTePEKEHb ONHOPINHI) MYCHTh
Oytm BHpimieHa 3aga4a OO0 €THAHHS pPE3yJbTaTiB
HEepIBHOTOYHHUX Cepiit BuMiproBaHs [8].

4. Pe3yJbTaTH HATYPHMX BHMipHOBaHb
Temneparypu Ha erami «llacrepusauis
BepUIKIB» TEXHOJIOTiYHOI 0 npouecy
BHI'OTOBJICHHS BEPIIKOBOI0 MacJjia

BumMiproBanHs TeMIepaTypu NpH IacTepu3amii
BEPIIKIB IPOBOAMIINCH 32 JIOTIOMOIOI TEPMOIIAPH
tuny  TXA(K) (xpomens-amomens). [Ilig  wac
eKCIIepUMEHTY OTpPHUMaHO TII'ATh cepit mo 35
BHUMIpIOBaHb y cepii. EkcrepuMeHTH NpOBOAMINCH
MIPOJIOBXK I’ ITH pOOOYHX 3MiH.

I'padiune 300pa’keHHS CIIOCTEPEXKESHb 33 3MIHOIO
temneparypu (95,0£0,5) °C npu macrepusaii Bepuikis
(meHpb mepIuii) npeacTaBieHo Ha puC. 2.

2 951

Temnepatypa,

0 5 10 15 20 25 30 35 40

Toukm BumiploBaHs

Puc. 2. I'padix BUMiproBaHHS TeMIIepaTypH
(95,040,5) °C npu nacrepusanii Bepikis (1eHn neprumii)
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I'padiune 300paskeHHs CIIOCTEPEKESHD 332 3MIHOIO
temneparypu (95,0£0,5) °C mpu macrepmsanii Bepuikis
(meHp Apyruil) pencTaBiIeHO Ha puc. 3.

95,4
95,3
95,2

$ 951

0,

94,8
94,7
94,6
94,5
94,4

Temneparypa
=
s

0 5 10 15 20 25 30 35 40

TouxM sMmiplosans

Puc. 3. I'padix BUMiproBaHHs TeMIIepaTypu
(95,0+0,5) °C npu nacrepusauii Beprkis
(meHn OpyTHii)

I'padiune 300paskeHHs CIIOCTEPEKESHD 332 3MIHOIO
temneparypu (95,0£0,5) °C mpu macrepmsanii Bepuikis
(meHb TpeTiit) mpeAcTaBiIeHo Ha puC. 4.

95,3
gs,75 -
95,2 -

o 95,15

as,1 -

95,05 -
95

94,95

94,9

94,85

948 -

94,75 | ! ! ! ! { ! !

0 s 10 15 20 25 0 35 40

Toukk BMMipOBaHE

Temneparypa,®

Puc. 4. I'padix BUMiproBaHHSs TeMIIepaTypu
(95,0+0,5) °C npu nacrepusauii Beprukis
(meHb TpeTiit)

I'padiune 300pakeHHsT CIIOCTEpEXEHb 332 3MIHOIO
temnepatypu (95,0+0,5) °C npu macrepusanii Beprikis
(eHp yeTBepTHi) PEACTAaBICHO Ha PHC. 5.

95,2
9515
95,1

=3
n
w o
W

94,9:

Temneparypa,°C
Y]
&

=]
]
s 8
wow

0 5 10 15 20 25 30 35 40

Toukk BMMipOBaHE

Puc. 5. I'padix BUMiproBaHHS TeMIIepaTypH
(95,0%0,5) °C nipu macrepusarii Bepuikis
(neHp yeTBepTHil)

I'padiune 300paskeHHS CIIOCTEPEKESHb 33 3MIiHOIO
temneparypu (95,0£0,5) °C mpu macrepusanii Bepuikis
(meHb I’ATHIT) TIpeCTaBICHO HA pHC. 6.

95,5
95,4
95,3

WG
&SR
R

Temnepatypa,°C
o
v

0 5 10 15 20 25 30 35 40

Touxu eMmiproBaHs

Puc. 6. I'padix BUMiproBaHHS TeMIEpaTypu
(95,0+0,5) °C npu nacrepusauii Beprkis
(meHs 1’ sTHiA)

5. IlepeBipka pPiBHOTOYHOCTI
pe3yJbTATIB cepiil cnocTepe:keHb

Ipu gmeni cepii L>3 mis  mepeBipku
BHKOpHCTaHO KpuTepiit baptmerra [8].
BinnosigHo bi o) METOIHKH MepeBipKu

PIBHOTOYHOCTI pPE3yJIbTAaTiB Cepiil CHOCTEpekeHb 3a
kputepiem baprierra:

1) obunceHo HE3MIIICHI OIlHKH
63,...,6° 3a
dopmymoio (2): 6,=01592 (°C)%4 6, =0,2036 (°C)%
65 =01237 (°C)%; 6,=0,092 (°C)%; 65 =01757 (°C)%

2) 3HAWJICHO CcepelHe 3HAYCHHS [HUX OIHOK 3a
(hopmyiioro:

BHYTPIIIHEOTPYTIOBUX TUCTIEPCIi 812,

.2 _ G2 +G5+55+65 +04
i T L
62 =01508 (°C)%

(6)

3) BU3HAYEHO CcepefHe apuPMETHUHE 3HAYCHHS
HE3MINICHNX OI[IHOK BHYTPIIIHBOTPYIOBHUX JHCIEPCIH
pe3yNbTaTiB  CIIOCTEPEIKEHb (CEpeHE  PO3CIFOBAHHS
BCEPEHHI TPyT):

62=0,0237.

4) 06YHCIIEHO 3HAYEHHS xz 3a popmymoro (4) i3

3aCTOCYBAHHSIM CIIiBBiiHOLIEHHS (5):
x?=7736.

5) 3agaHo piBeHp 3Hauymocti o=0,05, 3HaigeHO
3a Tabmumero kpurepito baptnerra [8] (y manomy
Bunaaky K, = L —1=4) 3nauenus x(zx =90,488.

6) mepeBipsieMo BUKOHaHHs HepiBHOCTI (6), TOOTO
kputepiit baptierra:

7,36<9,488.

Ockinbku  HepiBHICTH (6) BHUKOHYETBCS, TO
BiZIMIHHOCTI MIDX JICTIepCisiMA pe3yJbTariB
BUMIpIOBaHb BBAXKAIOTHCS AOITYCTUMHMH.
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6. BusHaueHHs1 TMOXHOOK MO KaHaJaM
BHMIipPIOBAHHSI MIKPONIPOLECOPHOI CUCTEMH

3aragpHa BIOZHOCHA TMOXHMOKa BHMIipIOBaHHS
MIKpOITPOIIECOPHOI CUCTEMH CKJIAJAA€ThCS 13 MOXUOKH
oKkpeMHX  KaHauiB.  Haiibimpmmmm — mxeperamu
nmoxubku mpu 1boMy € cercopu ta AL, Ockinbku Bei
CKIaZioBI CyMapHOI TMOXMOKM MOXXHAa  BBa)kaTH
HEKOpEJIbOBAaHUMH MK C000I0, TO BHpa3 JuIs
3HAXO/DKCHHS HEBIJIYYCHO! CHCTEMATHYHOI MOXHOKH
mae Uz [8, 9]:

N
5y =11-,[> 87, ©)
i=1

ne N — KUIBKICTh CKJIAJOBHUX 3arajIbHOT TOXUOKH;

d; — 3HAYCHHS CKJIAJ0BOI CyMapHOI MOXHOKH;

1,1 — xoedimieHT, SKUN 3aJIEKHUTHh BiJl JOBIPUYOL
iimoBipHOCTI (P = 0,95) Ta 4ncna CKIaJOBHX CyMapHOO
noxuoku (Bi ckianosi) [8].

OcCKiJbKH Ut KOHTPOJTIO TeMIepaTypu
Bukopucrano repmonapu iy TXA(K), To Ha miacrasi
XapaKTePUCTUK JAHOTO THIy TepMomnap, 3HaiIeHO
noxubKy BumMipioBanns At =+ 1,5 °C.

Ipu MakcumanbHiif Temmeparypi t = 100 °C:

5= % 100%: (8)
0y =11,5%.
Ockinbku  Mikpocxema MAX31855  3pmarHa

3abesneqyBaty Tounicts +2 °C y niamasoni Temmeparyp
Bin =200 1o +700 °C ms tepmornap K-tumy:

St =10,3%.

3arajgpHy  BiIHOCHY TOXHOKYy  BHMIpPIOBaHHS
TeMITepaTypH BU3HAYEHO 3a popmytoro (7):

By =+1,68% .

BinnocHa moxmuOka ceHcopiB KOHTPOIO piBHA pH
Ceragel CPS71 cranoButs +1,0% pH. Ha Buxomi
ceHcopa piBHA pH MaeMo aHaIOroBHii CHTHAII, TOMY BiH
cnovaTky Hajaxomuth ao Bxoxay AT, mo e y ckmani
MikpokoHTponepa.  [loxubka  arHajoro-mudpoBoro

Cnucok gitepatypu

nepeTBopeHHs Mikpormporiecopa ATmegal6 craHOBUTH
0,1 %. Taxum grHOM, BignoBigHO 10 Gopmymu (7):

Sypn =+1,1%.

IToxubka cencopa tucky APZ3420s craHOBUTH
0,5 %. Ha Buxoni ceHcopa THCKY MaeMO aHAJIOTOBHIi
CUTHAJI, TOMY BiH CIIOYaTKy HaaxoauTs 10 Bxoxy ALIIL,
Mo € y CKIagl MIKpokoHTposiepa. TakuMm dWHOM,
BiAMoBiHO 10 hopmyiu (7):

Syp =+0,16% .

IToxubka ceHcopa kiibkocTi 00epTiB Baay US1881
cranoButh +0,5%. Ha Buxomi ceHcopa KiTBKOCTI
00epTiB BaJly MaeMO AaHAJIOTOBUM CHUTHAJ, TOMY BiH
croyatky Hamxomuth ao Bxoxy AL mo € y cxmami
MIKpOKOHTpOJepa. TakMM YHHOM, BIJNOBIAHO IO
dopmymu (7):

sy =10,16%.

[Toxubku 1O BHUMIPIOBAILHMM KaHajaM He
MIEPEBUIIYIOTh 3a/IaHy y TeXHIi9HOMY 3aBaaHHi +2,0 %.

7. BucHOBKHU

Po3pobiieHa enexkTpuyHA TPHHIMIOBA CXeMa
MIKpOIPOLIECOPHOT ~ BUMIPIOBAJIbHOT ~ CHCTEMH IS
BHPOOHHMIITBA BEPIIKOBOTO Maclia i BUKOPUCTaHI B Hii
€JIeMEHTH JIO3BOJIMIIH 3a0e3neunTH TOYHICTh
BUMIPIOBaHHS 110 KaHaJlaM KOHTPOJIO OCHOBHHX
(i3nyHUX BeMMUYUH Ha piBHI + 2,0 %, 10 3310BONBHSE
BUMOTaM TEXHIYHOTO 3aBIaHHS.

OTpyMaHi pe3ysbTaTd HATYpPHUX BHMIPIOBaHb
TemnepaTypu Ha etami «[lacTepmzariisi BEpIIKiB»
TeXHOJ’[OFi‘IHOFO Mpouecy BUTOTOBJICHHSA BEPIIKOBOI'O
Macia JO3BOJMJIM TIPOBECTH aHali3 3a KpUTepieM
PIBHOTOYHOCTI pe3yNbTaTiB cepilf crocTepekeHb, KN
BCTaHOBMB, 10 yMoBa  KpuTepito  baptierra
BHUKOHY€ETHCS, BIZIMIHHOCT1 MK JCTIEPCIIMA
pe3yJbTaTiB BUMIPIOBaHb BBaXKAIOTHCS JIOMYCTUMUMH 1
BUpIIIyeThCS  3a7ada 00 €IHAHHS  pe3yNbTaTiB
OHODIJHUX  PIBHOTOYHHMX  Cepilf  CHOCTEpEkKEHb.
OTpHUMaHui pe3yJbTaT 1a€ MOKIUBICTh CTBEPIUKYBATH,
o ceHcopu TemmepaTypu Ha etami «[lacTepusaris
BEPIIKiB» € METPOJIOTIYHO HAMIHHUMH.
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INFORMATION PROCESSING FROM A MICROPROCESSOR-BASED MEASURING SYSTEM
FOR THE TECHNOLOGICAL PROCESS OF BUTTER PRODUCTION
Hryhorenko 1.V., Hryhorenko S.M., Shibanov A.A., Lysenko V.V.

Abstract

To control the technological process of butter production, it is advisable to use microprocessor measuring systems that are
capable not only of receiving current values of control parameters, but also of timely establishing the moment of metrological
failure of sensors and technological equipment. This allows to avoid the release of poor-quality products due to non-compliance
with the conditions of production technology, as well as to predict the occurrence of emergency situations in production. The
paper presents a microprocessor system that is capable of controlling the production technology at the main stages of milk quality
control, milk cooling, milk separation, cream pasteurization, cooling to the temperature of physical maturation, cream whipping.
Thanks to the implementation of the proposed system, the results of full-scale temperature measurements at the stage of «Cream
Pasteurization» of the technological process of butter production were obtained. The equivalence of the results of series of
observations was checked to verify the metrological reliability of the sensors used.

Key words: microprocessor, system, sensor, control; analysis of variance, measurement.
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ATOMHO-ABCOPBIITHE BU3BHAUEHHSI MII
B MIKPOBOJIOPOCTI DUNALIELLA VIRIDIS TA TOJAJIBIIE
Il BAKOPUCTAHHA SIK JIIKYBAJIBHOT'O 3ACOBY

O.L. FOpuenko, T.B. Uepnoxyxk, I.P. llleBuenko, O.M. baknanos

Xapxiscoruil nayionansnutl ynisepcumem imeni B.H. Kapasina, Ykpaina, yurchenko@karazin.ua

AHoTaNsA

ATOMHO-a0COPOIIHHIM MeTOOM OyJI0 BU3HAYCHO BMICT Mimi B Giomaci Bogopocti Dunaliella viridis Ta mewinmi camiiis
nrypiB. BUKOpHCTOBYIOUM yIBTPa3BYKOBY OOpOOKY 3pa3KiB JOCSrajiaCh MOBHOTA BHJIYYEHHS MiJi Ta TOMOTCHHICTh 3Pa3KiB.
IepeBipky NpaBUIBHOCTI pe3ysbTaTiB aHaji3y MPOBEJCHO METOIaMH «BBEICHO-3HAMICHO» Ta LULSIXOM BapilOBAaHHS MacH
aHaii3oBaHMX 3pa3kiB. [Toka3aHo, 110 cHUcTeMaTHyHa mMoxuOka He 3HayHa. [Ipodecopom BoxkoBum A.l. Ta criBpoOiTHHKaMK
JIOCHIKEHO BIUIMB Mini Ha Oiojoriyni 3pa3ku. OTpuMaHi pe3ysbTaTd CBiIYATh MPO Te, IO JOJaBaHHS 10HIB Mini Ao Giomack
MIKpPOBOJIOPOCTEH CYNPOBOKY€EThCA YTBOPEHHSIM Pi3HHUX CTPYKTYPHO-(YHKIIOHAIBHHX KOMIUICKCIB, SIKi MOXYTh MaTH pi3HY
aHTHOAKTepialbHy aKTHBHICTb. biomaca BOIOpPOCTI Moke OyTH BHUKOpHCTaHa Ui BHUTOTOBJICHHS XapuyoBHX J00aBOK, IO

KOMIICHCYIOTB IeiluT Mifi Ta B-KapoTHHY B OpraHi3mi.

Knrwowuosei cnosa: MikpoBOIOPOCTi, AaTOMHO-a0COPOIIiiHA CIICKTPOMETPIs, Mifb, POOOIIATOTOBKA, YIBTPa3ByKOBa 00POOKa,

6i0JIOT4HI 3pa3KH, METPOJIOTIUHI XapaKTePUCTUKI

1.Bcryn

Mine € BaXIMBHM MIKPOEIEMEHTOM, SIKMH
BIZIIrpa€ KIIFOYOBY POJIb Y JKUTTENISUILHOCTI JIIOJMHH, a
il  aHTHOaKTepianbHi  BJIACTMBOCTI  CTBOPIOIOTH
MOTEHILIAN JJIsI 3aCTOCYBaHHS B MEIHIMHI, 30KpeMa s
OopoTebu 3 iH(pekmisMu. 3aBASKH aHTHOAKTEpialbHii
AKTHBHOCTI, Migb PO3MIIANAEThCA SK IEPCIEKTHBHA
albTEepHATHBA aHTHOIOTHKAM y JIKyBaHHI 1H(QEKIIHHNX
3aXBOPIOBAaHb, CIHPUYMHEHUX  PE3UCTEHTHHUMH 10
aHTHOIOTHKIB OakTepismu, Takumu sk Staphylococcus
aureus ta Pseudomonas aeruginosa [1,2]. Mixps Takox
PO3IIISIAETBCSL SIK O0'€KT JUIS CTBOPEHHS HOBITHIX
MEIUYHUX 30HIIB Ta METOHIB JIKyBaHHS psIy
[aToJIOT1H, BKJIIOYAIOYM OHKOJIOTIUHI 3aXBOPIOBaHHS,
HelpoiereHepailito Ta anriorenny aqucyskiiro [3-5].

i anmtumikpoOHa jisi GasyeThcs Ha reHeparii
akTuBHUX (GopM kucHio (APK), 1m0 MOMKOMIKYIOTH
kiaiTuHHI MeMmOpanu, Oinku 1 JJHK matorenis. Oxpim
TOoro, OakTepii piAmie po3BHBAIOTH PE3UCTEHTHICTH IO
MifZli, OCKIIPKM BOHa BpaXkae MICKiIbKa KIFOYOBHX
BHYTPIIIHBOKIIITHHHNX MillIeHeH ogHOYacHO [6, 7].

Minp aKTHBHO 3aCTOCOBYETHCS y MEOUIHHI IS
3MEHILIEHHSI TOLIMPEHHS HO30KOMIiaJbHUX 1H(EKIiH,
30KpeMa uepe3 BUKOPUCTAHHS MiIHHX IOBEPXOHb Ta
NOKPUTTIB y JikapHsx. Taki TNOKPUTTS 34aTHI
npurHidyBatu pict Staphylococcus aureus mo 85%, a
Takok BIMBaTd Ha Pseudomonas aeruginosa.
EdexTuBHicTh MiJTHOT MOBEPXHI nepeBepuIye
TpamuIliiiHi aHTUOIOTHKH, OCOOJIMBO Yy BHIAIKaX 3
aHTHOIOTUKOPE3UCTCHTHUMH IiTamamu [8].

[Ipu 11bOMy BOHHM 3HAYHO JICIIEBIIN Ta JOCTYITHIIII
3a 10HM CpiOiia, sIKi BOJOMIFOTH MOJIOHOIO MI€I0; Milb €
€CCeHIIaJIbHIM MIiKPOEIEMEHTOM 1, SIK MPaBHJIO, JOCHUTh
IBH/IKO eIIMIHy€EThCs 3 opranizmy [8-13].

Ongunm 3 HaTIPSIMKiB JIOCHIIKEHD
aHTHOAKTEepiaNbHOT il Mifli € JOCIHKEHH 11 BIUIMBY Ha

mikpoBogopocti Dunaliella viridis, ockinbku Oiomaca,
HacH4eHa MiJyIo, e()eKTHBHO NPHUTHIYYE picT OakTepi,
takux sk Staphylococcus aureus 124 ta Pseudomonas
aeruginosa 18. Ipumyckaerbes, MO Migb y XenaTHii
dopMi Timcmiroe  aHTHOAKTEpiaNbHY Mif0  KIITHH
Dunaliella viridis.

IIpodecopom boxkoBum A.l. Ta criBpoOITHHKAMHU
Oymo orpumaHo mitaM MikpoBogopocti D. viridis,
30aTHUH BIDKUBATH B  CEPENOBHMIII 3  BHCOKOIO
KOHLIEHTpPALI€I0 CipyaHOKHCIol Miai - 75mr/n, ToOTo
CTi¥ikuit 10 BHCOKOi KoHmeHTpallil Miai - D.v.CuR, Ha
BiJIMiHY BiJl BUXiIHOTO IITaMy, YyTJIHUBOTO 10 1OHIB Mii
- D. v.CuS. Tlonag 90% wmingi B KIIiTHHax 3B'S3aHO 3
OuIkaMH 1 Oliblua i1 YacTHMHA 3HAXOIHUTHCS B LIMTO30JI1
kimiTiH. [l OTpUMaHHSA 10HIB Mimi, 3B'S3aHUX 3
KOMIIOHEHTaMH KIiTHH, KyneTypy Dunaliella viridis
ocakyBas neHTpudyrysanasm npu 3000g nporsrom
15xB 3a KiMHATHOi TeMIepaTypH, a KIITHHHHN oOcaj
pyiHYBalM OCMOTHYHHM INOKOM 3  HAaCTYITHOIO
roMoreHizariero. He 3pyiiHOBaHiI KIITHHHU Ta (hparMeHTH
KIITHH BUAAUIM micas nentpudyrysanus npu 60009
mpoTsiroM 15 XBWJIMH NpH KIMHATHIA Temmeparypi.
OtpumaHy BojaHY a3y, sika MICTWIAa 10HM Mimi B
KOMIUIEKCI 3 OlIKaMH, BUKOPHCTOBYBAJIM SIK OiIKamw,
BUKOPHCTOBYBaIM K XenaTHi Qopmu  wminmi. Sk
KOHTPOJIb BHKOPHCTOBYBAJIM KyJbTypy Kiitua D.
viridis, sKy KyIbTUBYBaJM Ha  CTaHJaPTHOMY
cepenosumri 6e3 mifi (D.v. CuS) [9].

Jis BU3HAYEHHS 3aJIEKHOCTI aHTHOAKTEepialbHOI
aKTUBHOCTI i0HHOI popMu Mimi Ta XematHOi popMu Mimi
cynapar wmimi mo romoreHariB kmitur Dunaliella
JoJlaBaNv Cynnb(at Miai 10 KiHIEeBUX KOHIEHTpariit 1, 7
ta 15r/n. Kymerypy mnepemimyBamm Ta iHKyOyBamu
mporsirom  30xB.  IloTiM  KIITHHHY  CYCIIEH3IiO
rOMOTeHI3yBajM 1 3pa3ku nentpudyrysamu npu 60009
npotsiroMm 15xB 3a KiMHaTHOT Temmepatypu [14-15].
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B ocani ¢parMeHTiB KIITHH Ta OTpUMaHii BOIHIN
(hasi, micns ocampkeHHs! GpparMeHTIB KIITHH, BU3HAYAIH
BMICT MiJi Ha aTOMHO-aJCOPOIIIfHOMY CIIEKTpOMETpi
iCE3500, sx ommcano B pobGoti [1], i B amikBoTax
BHU3HAYaNM aHTHOAKTepiadbHy AaKTUBHICTH MIOI0 S.
aureus 124 ta P. Aeruginosa 18. CrieKTpy MOTJTHHAHHS
BOJOPO3YMHHUX  KOMIIOHEHTiB  BHM3HA4Yadd  Ha
criektpodoromerpi Shimadzu UV-2600 (Smownist) mpu
noBxuHax XBwib 200-400 HM 3 MeTOH BH3HAYEHHS
3MIHM  CTyIleHs  €KCTParoBaHOCTI  KOMIIOHEHTIB
MIKpPOBOIOPOCTEH Micysl TOJJaBAaHHS MiHOTO KYIOPOCY.

Ilpu omiHIi aHTHOAKTEpiambHOI il 1OHIB Mifi
BUKOPHCTOBYBAJIH BOJHHUH PO3YMH MiJIHOTO KyIIOpOCY B
koHneHrpanisx 0,25; 0,5; 1,0; 7,0; 15,0; 20,0; i 25,01/,
SKMHA TECTYyBAIM Ha aHTHOaKTepialbHy aKTHUBHICTH
II0JI0 TBOX BHIIB OaKTepil, K yxe omucano [16-19].

EnexkTpomnpoBigHICTE  JOCHIIKYBaHUX  3pa3KiB
BAMIPIOBAJIM Ha BEKTOPHOMY MEPEKEBOMY aHaJi3aTopi
Rohde & Schwarz ZNB40 (Himeuumnua). Bci
eKCIIepHMEHTH IIOBTOPIOBANIN LIOHAIMEHIIe Tpu4i, 3
KiJIbKOMa aHaNITHYHAMH TOBTOpeHHsMH. OTpuMani
pe3ynapTaTH  MiOAaBadM  CTAaTHCTH4YHIA  0OpoOr
pe3ysbTaTiB 32 JJONOMOIOI IPOTPAaMHOTO  IAKeTy
Statistica 5.0 3 BUKOpUCTaHHAM HemapamerpuyHoro U-
kputepito ManHa-YitHi. Y Tabmuipsix 1 rpadikax
HaBeJCHO CepelHi 3HAaueHHS 31 CTaHJapTHUMH
moxuOKkaMu. BiMMIHHOCTI MK JaHUMH KOHTPOJBHOTO
Ta eKCIIePUMEHTAIEHOTO BapiaHTIB BBaXKaIIH
nmocrosipaumu tipu p < 0,05.

BogHodac HamMmipHa KiTBKICTH MiIi MOXE MaTH
TOKCHYHHUH BIUIMB Ha OPTaHi3M, II0 MOTPe0ye TOYHOTO
KOHTPOJIO 3a ii BMICTOM, OCOONMBO B MEIWYHUX
mpemnaparax. ToMy akTyalbHHM € PO3pOOKa METOiB
BU3HAYCHHS KOHIICHTPAIII] Mifli, 30KpeMa B JTIKYBaJIbHUX
3acobax Ha OCHOBI MIKPOBOJOPOCTEH, TakuX sK
Dunaliella viridis. JocmimkeHHs BILIMBY Pi3HUX (GopM
MiZi Ha OIOJNIOTIYHI CHCTEMH Ta MEXaHi3My iX
aHTHOaKTepiabHOT [Jil CHpUSATHME PO3LIMPEHHIO 11
BUKOPHCTaHHS B MEIMLUHI SK aHTHOAKTepiallbHOTO
3aco0y, a TaKoXX y BUPOOHHUITBI OE3MEYHHUX MPOAYKTIB
xapuyBaHHst Ta jikis [20-21].

Mera poGoTu po3poOka METOJVKH BHU3HAYECHHS
MiZi aTOMHO-a0COpOWIHHIM METOAOM 3 MOKpAIICHUMH
METpPOJIOTIYHHMH XapaKTepUCTUKAMH B
0araTOKOMITOHCHTHUX 3pa3Kax Ta BUBYHUTH
aHTHOAaKTepiabHi BIACTHBOCTI e(heKTy Mifi.

2. EKCHepHMeHTaJIbHa YacTHUHA

3acTocoByBamu aTOMHO-a0copOIiHHII
cnektpomerp C-115-M1, obGnamHaHuil MaTbHUKOM JUJISI
MOBITPSHO-AIETHIICHOBOTO  TMOJyM's,  KOPEKTOPOM
(hOHOBOrO TOTJIHUHAHHSA Ta JDKEPEIOM PE30HAHCHOTO
BUNIPOMiHIOBaHHA Mifi. I[lapamerpu mnsg wmimi g
BUMIpIOBaHb Ha aTOMHO-a0COPOIIfHOMY CIIEKTpOMETpi
C-115-M1: A=324.7am, ctpym [=7,5MA, ®EVY 1,4 kB,

HIUPUHA IIUTHHA MOHOXPOMATopa: 0,1 aM,
YIIBTPa3ByKOBa BaHHA (Jeken(Codyson)PS-20).
Jlabopatopui enekrponni Barm OHAUS PA 64

(65/0.0001). Mipui kos6u 06'emom 5, 10, 25, 50, 100m1

srigno 3 JICTY 1770. Ilinerku o6'emom 1, 5, 10mx
3rigao 3 JICTY 29169. MipHi miaapu 00'eMoM 25Mi
srimao 3 JICTY 1770. JductumsoBaHa Bona 3TiTHO 3
ACTY 6709. CrangapTHi BOAHI PO3YMHH  Mifi
BUTOTOBNICHI B (Ii3UKO-XIMIYHOMY IHCTHUTYTI iMeHi
Borarcekoro (M. Opeca). KonmenrpoBaHa HiTpaTHa
KHCJIOTa Ta PO3YMH HiTpaTHOI KucioTH (o = 1,5 %).

[Ipy mpuroTyBaHHI TpajylOBaJIbHUX PO3YHHIB MU
BUKOPHCTOBYBJIM CTaHIAPTHI 3pasKd CKIaay Midi 3
MOYaTKOBOIO KOHIIEHTpallieto 1r/71, BurotosineHi y disuko-
XiMigHOMY iHCTUTYTI iMeHi Boratcekoro (M. Oneca).

[limetkoro o6'emom 10 MUTUIITPIB BimOMpaeMo
10 MJ1 BHXiJHOTO PO3YHMHY i MEPEHOCHMO B KOJIOYy Ha
100 mu, 1OBOIMMO IO MITKH BOJIOKO. Tak TOTYEThCS
MPOMDXHUI pO34MH 3 KoHeHTpaniero 100mr/mn.

[Minerkoro ob'emom 10 MimimiTpiB BinOupaemo
10 M. OTPHIMAHOTO PO3YHHY i IEPSHOCHMO B KOJIOY Ha
100 M, mOBOIMMO IO MITKH BOJOKO. Tak TOTYeThCA
MPOMDKHUH pO3YMH 3 KOHIEHTpatieto 10 mr/i.

Tlorim mimerkamMu MicTKicTIO 1, 5 Ta 10Mi
Bimbupaemo 1, 3, 5, 7 ta 10MI IPOMIKHOTO PO3YHHY
KoHHeHTpatiero 10 mr/n B konbu Ha 25mi. Ilicisa mporo
JIOBOIUMO 1X JO MITKH JUCTHUIIOBAHOI BOJIOKO.
OTpuMyeMO pPO3YMHH Mimi 3 KoHueHTpamiero 1-107
3-10%,5:10, 7-10%, 10-10™ /.

Hus  mpoOomigrotoBkn Bimbupamm 1r  cyxoi
pedoBuHH, Bucymenoi npu 50°C mpotsrom 24 rtop.,
3Bakenoi 3 Toudictio go 0,000lr Ha aHaMITHYHHX
Barax. lIpoOy moapiOHIOEMO 10 OJHOPIMHOTO CTaHy.
Homaemo mo HaBaxku 10 MIT KOHII. HITPaTHOI KUCIOTH
(HNO3) i BumapoByeMoO TpH HArpiBaHHi 0 BOJIOTOTO

3anumiky. Ilicias  oxonomkeHHs jgonuBaeMo 10 mi
posunny HNO; (o =1,5%). Po3umn 3 Takowo
KOHLIGHTpallielo B aroMHiii  abcopOuii  nae
MaKCUMaJIbHUIA aHATITHYHANH cuTHATL  OO0poOiaseMo

yipTpasBykoM mpotsrom 20 xBuwimH. [licns 1poro
po3unH ¢inbTpyemo. OTpUMaHUA pPO3YHH KUTBKICHO
MepeHoCHMO B MipHY KomOy o0’emom 25Mm Ta
JTIOBOFMO IO MITKH 1 PETEIBHO MEePEMIlITyEMO.

ITinroroBka aToMHO-abcopOuiitHOTO
CHEKTPOMETpa A0 poOOTH:

a) migirpis JoKepena
BUIIPOMIHIOBaHHS /IO  TOYaTKy
OTpUMaHHS cTabiabHOT
BUITPOMIHIOBaHHS, ajic He Oibine 30XB;

06) rocTyBaHHsS JOKEpel PpE30HAHCHOrO Ta
HEepEe30HAaHCHOT'0 BUIIPOMiIHIOBAaHHS;

B) MOirpiB yBIMKHEHOTO TAJbHUKA TMeper
MOYaTKOM BHUMIPIOBaHb 3 OJHOYAaCHHM HPOMHBAHHIM
HOro IUCTUIIHOBAHOIO BOJIOIO MPOTAToM 5-10 XBUIIKH;

Ir) TOYHa HACTpOWKa MOHOXpOMaTopa Ha
PE30HAHCHY JIiHIIO 32 MAaKCHUMYMOM BHUIIPOMiHIOBAHHS
IIpY MiHIMANbHIN MIUTHHI, aje TPOBEICHHS BUMipIOBaHb
NPY MaKCUMaJbHIH MIMPUHI MOHOXPOMATOPA;

Il) IOCTYBaHHSI BUCOTH NaJbHUKA Ta BiJHOILICHHS
MOBITPsi/alleTUIICHY TIePel KOXKHOIO CEPIEI0 BUMIPIOBAHb
32 MaKCUMaJIbHOIO abCOpOLIEI0 OJTHOTO 31 CTaHJAPTHUX
PO3YMHIB ITOPiBHSIHHS.

PE30HAHCHOTO
BUMIpIOBaHb 10
IHTEHCUBHOCTI
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3. Pe3yabTaTH Ta iX 00roBOpeHHs

Biosoriuni 3pasku (puc.1):

e 3pa30k | — KOHTPOJBHHI 3pa3oK OiomMacu
KJTiTHH MikpoBomopoctei Dunaliella viridis;

e 3pa3ok 2 — OGiomaca KJIITHH MiKpOBOJIOPOCTEH,
SIK1 aJTalITOBaHi 10 POCTY Ha CEPEOBHUIIII, 10 MiCTUTh
BUCOKI KOHIIEHTpamii 10HIB Miai B CepeIOBHILII.
75Mr/n — 1me TOKCHYHAa KOHICHTpAIls  JUIs
MPUPOTHOTO, KOHTPOJIBHOTO IITAMY IUX BOJAOPOCTEH.

Puc. 1. 3pasku 6iomacu Bogopocti Dunaliella viridis

3 rpanyroBanbHoro rpadiky (puc. 2) 3HaHIUH
BMmicT Mmini (mr/m). KonnenTpamito Mmigi B MI/KT
pO3paxoByBaiy 3a GOpMYJIIOK0:

mr\ _ C(%)*V(ﬂ)
¢ (;) - m(kr) (1)
ne: V —00’em koi6u, V = 0,0251; m — Maca HaBaKKU
3pa3ky. Takok BpaxoByBaK PO30aBJICHHS BUX1JIHOTO
pO3UHHY.

160

’
e y=1562x- 64918 7
2 = (10003 P
120 R = 09993 7
’I
100 e
,I
] v
,l
o0 Vs
s,
40 .-‘I
’
’I
20
' d
I
]
0 015 03 045 06 075 09 105
C(Cu), mr/x

Puc. 2. 3anexHicTh aHATITHYHOTO CUTHAJLY MIPU aTOMHO-
abcopOuiiiHOMy BU3HAYEHHI Mifli 3 BAKOPUCTAHHIM BOJAHHX
PO3YHHIB CTAHIAPTHOTO 3pa3Ky CKIaLy

Tabmuns 1 — Pe3ynbraTti BUSHAUCHHS BMICTY (MI/KT) Mifi y
3paskax 1,2 (n=5,P =0,95)

Howmep 3paszky | Bmict Cu, Mr/kr m (HaBaXKKu), KT
1 11115495 0,0001771
r 8454+90 0,0002748
2 12735+101 0,0002704
2’ 13145+110 0,0003079

3 miarorosnenoi mpobu Bomopocti Dunaliella
viridis Oymu  3poGiieHi J06aBKH B TPOIYKTH
xapuyBaHHS Uit mrypiB. Ilicms  TIKHEBOTO
TOAyBaHHS IIypiB, pOOWMIIN aHaJIi3 MEeYiHKU IIypiB Ha
BMICT Mii.

Tabmuust 2 — Pe3ynprati aTOMHO-a0COPOLIHHOro BU3HAYEHHS Mifi B medinmi urypis (N = 5, P = 0,95)

3pazok Ne | Bwmict Cu, Mr/kr | 3pasok Ne | Bwict Cu, Mr/kr

1 7,99+0,02 21 9,18+0,03
2 6,59+0,02 22 8,63+0,02
3 9,41+0,02 23 9,71+0,03
4 7,59+0,02 24 10,2+0,03
5 7,66+0,02 25 15,0+0,04
6 8,59+0,02 26 6,70+0,02
7 8,03+0,02 27 19,9+0,04
8 6,74+0,02 28 67,3+0,05
9 8,30+0,02 29 15,3+0,04
10 7,47+0,02 30 15,6+0,04
11 13,3+0,07 31 10,2+0,03
12 11,0+0,05 32 15,5+0,04
13 9,42+0,04 33 42,6%0,07
14 8,91+0,03 34 8,01+0,03
15 13842 35 10,3+0,03
16 55,6+0,1 36 56,3+0,07
17 11,3+0,08 37 25,8+0,04
18 12,3+0,08 38 15,9+0,03
19 19,3+0,08 39 19,5+0,04
20 22,8+0,09
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[epeBipky NpaBUIBHOCTI pE3yJbTATIB aHATIZY
MIPOBOAMIIA METOJJAMHU «BBEICHO-3HANICHO» Ta IUISIXOM

BapiloBaHHA MacH  3pa3KiB. [okazano, mIo
CHCTeMaTH4YHa MOXHOKA HE € CyTTEBOIO.
Busnauaroun  aHTHOaKTepialbHYy  aKTHBHICTh

Xap4oBUX J100aBOK, BHKOPHCTOBYBAJIIM aHTHOIOTHK
MeporeHeM (puc.3), KUl € IPOTHUMIKPOOHHM 3aco00oM
cucteMHoOl 1ii, s’k KOHTposb. [Ipodecop Boxkos A.l 3
CHIBpOOITHUKAMU MMOKA3ajH, 0 MEPOIIEHEM MPHUTHIYYE

Byio BusiBieHO, 1110 MepOIIEHEM 3aTpUMYE picT S.
aureus 124: 30Ha 3aTPUMKH pPOCTYy CTaHOBHIA
24,9 £ 0,5MM 3a TOTIOMOTOIO0 ITHUCKOBOTO TU(Y31HHOTO
tecty (puc.2A). BomgHowac meil aHTHOIOTHK He
npurHigyBaB pict P. aeruginosa 18, mo nposiBisuiocs y

BIICYTHOCTI TNpPUTHIYEHHS pOCTYy Mi€i KyJIbTYpH
GakTtepiit (puc. 2A).
HaBeneno cepeani 3HaueHHs Bigx 3 gm0 5

EKCIIePUMEHTIB Ta IXHI CTaHIapTHI MOXHOKH. * —

CHHTE3 KOMITOHEHTIB KIIITUHHOT CTIHKH
IPaMIIO3UTHBHUX 1 TPaMHETaTUBHUX OaKTepii HUIIXOM
3B'sa3yBaHHS 3 Olutkamu PBP (Tumm cammumu Oinkamw,
SKi 3B'S3yIOTH HeHilWiIiH). Bigomo, mo pi3Hi mTamMu
Enterobacteriaceae, Pseudomonas aeruginosa Ta
Acinetobacter MoXyTh MpPOSBIATH PE3UCTEHTHICTH M0
MEpOIICHEMY, TOMY PEKOMEHIYETHCS MEPEBIPATH HOTO
IO Ha MICIIEBUX IIITAMaX.

BIAMIHHOCTI M AHTHOIOTUKOM 1 TKAHUHOI IS
BapiaHTiB goctoBipHi npu P < 0,05.

4.BMCHOBOK

AToMHO-a6copOIitHIM METOJIOM Oyio
BH3HAYCHO BMIiCT Mimi B 6iomaci Bomopocti Dunaliella
viridis ta meuwinmni cammiB mypis. BukopucTOBYHOUH
YJIBTPa3BYKOBY 0OpOOKY 3pa3KiB Jocsirajach MOBHOTA
BIJIYYEHHS Miji Ta TOMOTEHHICTh 3pa3kiB. [lepeBipky
NPaBUIBHOCTI ~ pe3yJbTaTiB  aHali3y  POBEACHO
METOAMH  «BBEICHO-3HAWIEHO»  Ta  IUIAXOM
BapifoBaHHsS MacH aHaJi30BaHMX 3pa3kiB. IlokasaHo,
1. IO CHUCTeMaTHYHa MoxuOka He 3HauHa. [Ipodecopom
BoxkoBum A.l. Ta cHiBpoOITHUKaMHU TOCIIIHKEHO
BIUIMB Miai Ha Olojoriuni 3pasku. OTtpumani
pe3yNbTaTH CBIYATH MPO TE, IO AOJaBaHHS 10HIB Midi
mo ©Oiomacwm  MIKPOBOIOPOCTEH  CYNPOBOIKYETHCS
YTBOPEHHSAM  Pi3HUX CTPYKTYypHO-(PYHKIIOHATBHHUX
KOMILICKCIB, SIK1 MOXYTh MaTu pi3HYy
aHTHOaKTepianbHy aKTHUBHICTh. biomaca BomopocTi
MOXe OyTH BUKOpPHCTaHa AJIsl BUTOTOBJIEHHS XapuOBHX
J00aBOK, IO KOMIICHCYIOTH AedinuT Migi ta B-
KapoTHHY B OpraHi3mi.
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Strain
Puc. 3. — 3onu 3arpumku pocty S. aureus 124 (1) ta P.
aeruginosa 18 (2) npu BUKOPHCTAaHHI JUCKOBOTO AU(Y3iifHOrO
TECTy 3 aHTHOIOTHKOM MepOIeHeMOM (A), a TaKOXX TKaHUHU 3
HAHECEHHUM LIapOM MiJli TOBIIUHOIO 3MKM
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Atomic absorption determination of copper in the microalgae Dunaliella Viridis and its further use as a
therapeutic agent

Abstract

The copper content in the biomass of the alga Dunaliella viridis and in the liver of male rats was determined using atomic
absorption spectroscopy. Ultrasonic treatment of the samples ensured complete copper extraction and sample homogenization.
The accuracy of the analytical results was verified using the spiking method (“added-found”) and by varying the mass of the
analyzed samples. It was shown that the systematic error was insignificant. Professor A.l. Bozhkov and his colleagues studied the
effect of copper on biological samples. The results indicate that the addition of copper ions to the microalgal biomass is
accompanied by the formation of various structural and functional complexes, which may exhibit different antibacterial activities.
The algal biomass can be used for the production of dietary supplements to compensate for copper and f-carotene deficiency in
the body.

Keywords: microalgae, atomic absorption spectrometry, copper, sample preparation, ultrasonic treatment, biological
samples, metrological characteristics.
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KBANIMETPIA TA SABE3INEYEHHA AKOCTI /
QUALIMETRY AND QUALITY ASSURANCE

VK 330.131.7 DOI: 10.30837/2663-9564.2025.1.10

3ACTOCYBAHHSA ®YHKHIOHAJIBHO-3AJIEZKHUX CTATUCTHUK
JIJIS1 OLIIHIOBAHHSI PU3BHUKIB AKOCTI MPOAYKIIII

P.M. Tpilul, K.O. Jlomanos?, J1.0. Hummiano?, B.O. prTLKol, J.10. BOHILapl, JI.C. 3acs’

lHauiona/szmZ aepoxocmiunull yHisepcumem «XapriecoKuil asiayiiiHuil iHcmumymy, Kageopa mMexampouixu ma
enexmpomexuixu Xapxie, Ykpaina

zXapKif;CmeZ HayioHaneHull ynigepcumem imeni B. H. Kapa3zina, kagedpa inghopmayitinux Komn 1omepHux mexHonoaii i
Mmamemamuxu Xapkie, Ykpaina

AHoTanis

VYV cydacHHX yMOBaX JKOPCTKOI KOHKYPEHILI Ta BHCOKHMX BHMMOI [0 SIKOCTI NpPOJYKLil OLIHIOBaHHS PH3HUKIB CTae
HEBIJI’€MHOIO YaCTHHOIO CHCTEMH YIPABIIHHS SKICTIO Ha mignpuemMcrBax. Oco6MBOiI yBary notpebye pU3HK BHUILYCKY HESKICHOT
NpOAyKIii, sikuii Oe3rmocepenHbO BIUIMBAE HAa IMiK, (IHAHCOBI IIOKa3HUKH Ta 3arajlbHy KOHKYPEHTOCIIPOMOXHICTD
nignpuemctBa. EexkTuBHe ynpaBiiHHSA TakKMMH PH3HKAaMH BHMarae BIIPOBAJDKEHHS OOIPYHTOBAHUX, HAaIIMHHUX 1 KUIBKICHO
BUMIPIOBaHHX METOJIB OLIHIOBaHHs SKOCTi. OAHUM i3 MEPCHEKTHBHUX HANpPSMIB Yy IIbOMY KOHTEKCTI € BHKOPHCTaHHS
6araToKpUTepiaNbHOro MiIXO4Y A0 OLIHIOBAHHS 00'€KTIB KBaJTiMeTpii. OCKINbKU MTOKa3HUKH SIKOCTI MOXYTh MaTH Pi3Hi OJUHHILI
BUMIpIOBaHHS, BUHUKAE MOTpeba y MpUBENEHHI iX 10 0e3po3MipHOi (OpMHU Ui CTBOPEHHS €IWHOI iHTEerpanbHOi OmiHkH. Lle
3aBOaHHSA TOTpeOye BUKOPHCTaHHSA MAaTEMAaTHYHUX 3aJIC)KHOCTEH, 3JaTHUX 3a0€3MEUUTH KUTbKICHE BW3HAUCHHS SKOCTI 3
JIOCTAaTHBOIO TOYHICTIO. [IpoTe opMyBaHHS TaKUX MOJENEH € CKIaJHUM HPOIECOM, IO MOTpedye NeTalbHOro aHaii3y 00'ekTa
JOCIIDKEHHS. Y 3B’S3Ky 3 IIMM Yy POOOTI 3alpONOHOBAHO IOCIIIUTH MOMJIUBICTH 3aCTOCYBAaHHS (DYHKIIIOHAIBHO-3AJICKHUX
CTAaTHCTHK, 30KpeMa (DYHKIIT MOMHJIOK, JUI OTPUMaHHS 0€3pO3MipHHUX OLIHOK OJMHUYHHMX PO3MIPHHX HMOKAa3HHUKIB sKOCTi. L5
(YHKIIiS ITUPOKO BUKOPUCTOBYETHCS B MATEMaTHYHIH (i3MIli Ta CTATUCTHLI ¥ Mae 3HAYHUI NOTEHIIaN Y KOHTEKCTi IIPAKTHYHOTO
OLIiHIOBaHHs. PO3BUTOK OOYMCIIIOBAIbHOI TEXHIKM 3HAYHO CIIPOCTHUB ii 3aCTOCYBaHHS B MPUKIAAHHUX 3amadax. JlomaTkoBo, Ha
OCHOBI aHanizy (yHKLIl IIIBHOCTI OL[IHOK 3alpoOIOHOBAHO BH3HAYaTH HMOBIPHICTh MOTPAIUISHHS LHMX OL[HOK Yy KPHUTHYHI
iHTEpBaJIK, IO JO3BOJISIE PO3POOUTH e()DEeKTHBHY METOMMKY OLIHKH PU3UKIB BHITyCKy HesikicHOT mpoaykuil. Takwuid migxin
3a0e3medye IMiABUIIeHHS TOYHOCTI IPUHHATTS PillieHb Y cdepi ynpaBIiHHA AKICTIO.

Ku1ro4oBi cj10Ba: SAKiCTh; pU3HK; OLIHIOBAaHHS; 0e3po3MipHa MIKaja; QYHKIIS IIOMIIOK; KBAIIMETPisl.

1. BCTyH Meroro crarri €  JOCIIIATA  MOXKJIHMBICTH

. " 3aCTOCYBaHHS  (DYHKI[IOHAJIbHO-3aJIG)KHUX  CTAaTUCTHK,

3abe3neueHns SKOCTi npoaykuii Ta ii nocrifine v sokpeMa  (yHKIii  MOMIIOK,  Juis  OTPHMAHHS
CYHacHHMX YMOBAX JKOPCTKOI KOHKypeHIil Ta BHCOKHX  gennosyipHux OLHOK S —— PO3MIpHIX
BI/IM.OIZ JIO SKOCTi MPOIYKIIT OLIHIOBAHHS PUSHKIB CTAE  popaspykin SKOCTL e - HIHPOKO
HEBI/I'€MHOIO HACTHHOIO CHCTEMH YNPABMHHS SKICTIO  pyopycroByeThcs B MaTeMaTwdmiii  disumi  Ta

Ha mignpueMctBax. OcoOnmMBOI yBaru morpedye pu3muK
BUITYCKY HESKICHOI TMPOAYKIlii, SKWAH Oe3mocepeaHbo
BIUIMBA€ Ha IMiIK, (PIHAHCOBI IMOKA3HUKHU Ta 3araibHy

CTaTUCTUII ¥ Ma€ 3HAYHUA MOTEHIial y KOHTEKCTI
MPaKTHYHOTO OIHIOBAaHHSA. PO3BUTOK OOYHCIIOBAIBHOT
TEXHIKH 3HA4YHO CHpPOCTUB 1i  3aCTOCYBaHHi B

KOHKYPEHTOCTIPOMOKHICTh TinmpuemcTBa. EdextuBHe
YIPaBIIiHHSA TaKUMH PU3MKaMH BHMAara€e BIPOBaJDKEHHS
OOTpYHTOBaHMX, HAAIHHUX 1 KUTBKICHO BHMIipIOBaHHUX
METO/IIB OLIHIOBAHHS SIKOCTI.

OnHUM 13 TNEPCHEeKTHBHHUX HANpsMIB Yy IbOMY
KOHTEKCTI € BHKOPHUCTAHHS OaraTOKpUTEPIaIbHOTO
MiAXOMy JO OIlHIOBAaHHS OO'€KTIB  KBaJIMETPIi.
OCKUIbKM TOKa3HUKH SIKOCTI MOXYTh MaTu pi3Hi
OJIMHHUIII BUMIPIOBAaHHS, BUHUKAE TIOTpeOa y MpUBEAEHHI
ix mo ©e3po3mipHOi (opMH OIS CTBOPEHHS €IUHOT
iHTerpanbHOi  omiHku. lle 3aBmaHHA  TOTpeOye
BUKOPUCTaHHS MATEMAaTHYHUX 3aJISKHOCTEH, 3IaTHHX
3a0e3meuynTH  KUTbKICHE  BH3HAUeHHA  SKOCTI 3
JIOCTAaTHBOIO TOYHicTIO. IlpoTe (¢opMyBaHHS TaKHX
MOZENEH € CKJIaJHUM IIPOLEecOM, W10 HOTpedye
JIETAJIFHOTO aHaNi3y 00'€KTa JOCHTIHKEHHS.

NPUKITAIHAX 3amadax. JloJaTKOBO, HA OCHOBI aHAII3y
(yHKUii 1ITBHOCTI OLIHOK 3alPONIOHOBAHO BHM3HAYATH
HMOBIPHICTh TOTPAIUITHHS IMX OIIHOK y KPUTHYHI
IHTEpBaJM, IO JO3BOJSIE pPO3POOUTH  e(eKTHBHY
METOJIMKY OIIIHKW PH3HKIB BUIYCKY HESKICHOT IPOIYKIIii.
Takmii miaxim 3a0e3medye IMIBWINICHHS TOYHOCTI
NPUHHATTS PilIeHb Y cepi yIpaBIIiHHS SKICTIO.

2. Marepiauau i MmeToau

Pmsuk sk Kkareropiss Mae pisHi
chopMysbOBaHI  BITUM3HSHAMH Ta  3apyODKHUMH
JNOCHITHUKAMH. Y  3arajJbHOMY pO3YMIHHI  pPH3UK
TPaKTY€eThCS SIK TOTEHIIIHA HMOBIPHICTH BTpar, 30MTKIB
a00 HEJOOTPHUMaHHS 3alIAaHOBAaHUX pE3YJbTATiB, MIO
0OYMOBIICHO HAasIBHICTIO HEBH3HAUEHOCTI Yy TIpoIeci

BHU3HA4YCHH,
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peamizariii misutbHOCTI. BiH TakoX BH3HAYAETHCS SIK
CTyNiHb  HEBU3HAUYEHOCTI MalOyTHIX  (DiHaHCOBHX
pe3ynbTaTiB a00 MOJIIMBICTH HACTAHHS HECTIPHATIMBUX
HACNIIKIB yepe3 3MiHy YMOB, siKi He OyJIM BpaxoBaHi B
MOYaTKOBMX po3paxyHkax [1].

Hns  3a0e3neyeHHs e(EKTUBHOTO  yNpaBIiHHS
pU3UKaMH BaXXIMBO, 100 KEpiBHI OpraHW OpraHizarlii
JIOTPUMYBAIIUCS TIEBHUX IPHUHIMIIB Ha BCIX DIBHSX.
Pu3uk-MeHEeDKMEHT Ma€e OyTH HEBill' €MHOIO CKIIaI0BOO
YIPaBIIHCHKUX MPOIECIB, IHTErpyBaTUCS Yy CTpPaTEriio

PO3BUTKY,  MIATPUMYBATH  IPHHAHATTA  DIlICHB,
BpaxOBYBaTH HEBU3HAYCHICTh 1 0a3yBaTuch Ha
HaliKkpamiii  moctynHid  iHdopmamii.  YmnpaBmiHHS

pH3MKaMHU MOBUHHO BPaxOBYBaTH SIK 30BHIILHIN, Tak i
BHYTPIIIHIN KOHTEKCT IiSUIHOCTI OpraHi3aiii, a Takox
cneuudiky JIOACBKUX 1 KyJIbTYpHUX YHHHHUKIB, SKi
MOXYTb BIUTUBATH Ha JTOCSATHEHHs Lineit [2].

Pu3uk-MeHEe[DKMEHT TIOBUHEH OYyTH TPO30pHM,
IHKJTFO3UBHUM 1 BiAKpUTHM 10 3MiH. lle auHamiuHMi
mporec, Mo Tmepexdadae IMOCTIHHUA MOHITOPHHT i
ajanrtaniro A0 HoBUX yMoB. Opranizaumii MaroTh
PO3pOOIIATH BiNMOBIIHY MONITHKY, SKa YiTKO OKPECITIOE
LT,  BIANOBINANBHICTH,  MEXaHI3MH  YIpPaBIiHHI
pusukamu, 3a0e3nedeHHs pecypcaMu Ta 3000B’sS3aHHS
11010 MOCTIHHOTO BIOCKOHAJICHHS cUCTeMH. BaxxiinBoro
YMOBOKO  ©(pEKTHBHOTO  PH3HK-MCHEIKMEHTY €
dhopMyBaHHS IUTICHOT CHUCTEMH, sIKa IHTCTPYETHCSA 3
3arajJbHUM YTIPABIIHCBKAM MEXaHI3MOM IIiIIPHEMCTBA,
BiJJ0Opaxkae HOro KOPIOPaTHBHY KYJIBTYpPY 1 JO3BOJISE
OIlepaTUBHO pearyBatH Ha 3Mmind [3].

CdopMyiboBaHi MiJ 4ac MOCITIIKCHHS MPHHIIUIH
CTBOPEHHS CUCTEMH YIIPABIIIHHS PU3UKAMH JAITH 3MOTY
BUIIIUTH OCHOBHI eJIEMEHTH e(heKTUBHOTO
MoHiTOpuHTY. Taka cHCTeMa MOBHHHA BKJIIOYATH YiTKO
BU3HAUYEHI 30HH CIIOCTEPEKEHHs, HAsIBHICTh IIUPOKOTO
KOJIa CIIOCTepiraviB, BHKOPUCTAHHS KpUTEpIiiB Ui
OWIHKM BXimHOi iHQopmarmii, edeKkTHBHI KaHAIH
KOMYHIKallii BcepeauHi opraHizamii Ta 34aTHICTH 10
camMoBIOCKOoHaneHHsA. Lle  mo3Boisie  opranizamii
ONEpaTHBHO BHUSBISATH PH3MKH, OIIHIOBAaTH iX 1
TpUMaTH OOTPYHTOBaHI YIPaBIiHCHKI pitmeHus [4].

Bimomo, mo Ha 00'€eKTH KBaJiMETpil BIUIMBAE
BEJMKA KUIBKICTh YHHHHUKIB, TOMY JJIs OLIHIOBAaHHSI
iXHbOI  SIKOCTI ~ BMKOPUCTOBYETHCS ~ KOMIUIEKCHHUH
TIOKa3HUK, SKUi GopMyeThest 3 Oaratbox Kpurepii [5-
7]. Jna mpaBHIBHOTO PO3YMIHHS IBOTO TOKa3HUKA
MoTpiOHO 3acTOCOBYBAaTH OaraTOKpHTEpianbHI METOIHN
ouintoBanss [8-10].

[Ipu OaratokpuTepiamTbHOMY aHali3i HEOOXiTHO
MepeBECTH BCi MOKAa3HUKHM SIKOCTi, IO MAaloTh pi3Hi
ONIMHWIII BUMIipIOBaHH, Ha Oe3po3MipHy mkary. Lle mae
3MOry o0'eHaTH Di3HI OLIHKM B €IUHY CHUCTEMY, IO
3HAYHO NOKpanrye oOcsr Ta eQeKTUBHICTH OOpOOKH
ingopmariii npo cran o6'exra [11-14].

IcnyroTh CcremiaibHi METOAMKH, SIK1
MIEPETBOPIOIOTH MIOKA3HUKHU 3 PI3HIMH PO3MIPHOCTSIMH Y
0e3po3MipHy (QopMy 3a JOIOMOTOK MAaTEMAaTHIHUX
dopmyn. Taki 3ameXHOCTI JO3BOJSIIOTH  KUTBKICHO
BU3HAYHTH PIBEHb SIKOCTI 00’€kTa abo mporecy,
BCTAHOBIIOIOYH 3B’SI30K MK 3HAYEHHSIM ITOKAa3HUKA Ta
fioro ominkoro. [Ipore cTBOpeHHS 00'€KTHBHHX

MaTeMaTUYHUX MOJeJeld € CKJIQJHUM IpPOIECOM, IO
notpedye TIMOOKOTO BUBYEHHS 00'ekTa 1 3abesmedye
JIMIIIE IOTYCTHMY TOYHICTh pe3ynbTaTis [15-18].

OnHa 3 KIIOYOBHX MPOOIIEM IIUX METOIIB MOJIATAE
B TOMY, IO OUIBLIICTh 3 HUX 0a3YyIOThCS Ha CIIPOILEHHUX
(opmynax, sIKi JMIIE YaCTKOBO BPAaxOBYIOTh pealibHi
3aKOHOMIPHOCTI ~ MPOIECIB  OIiHIOBaHHI.  BTiMm,
aNbTEpPHATHBH TakuM migxonam Hemae. E. C. Bentuens
y CBOEMY aHaJIi31 Ha3uBa€ MOMIOHI MOJEII JOBUILHUMH,
aje TMiAKpEecIioe, IO HaBiTh YMOBHI MaTeMaTH4HI
3aJICKHOCTI € KpalluMH, HDK X IMOBHA BIJACYTHICTb,
OCKIJIbKM BOHH € 3PyYHHM CIIOCOOOM JIOCSTTH 3TOIH
MIXK yYaCHHKaMH OIIHIOBAHHS.

VY  kBamiMeTpii o0OcOONMBY yBary HNpUALIAIOTH
3B’s13Ky MK BUMIPIOBaHHMH MOKa3HUKAMH SIKOCTI Ta iX
OLIHKOI0O Ha 0e3po3MipHIM ImIKami, OCKUIbKH IIi
MOKa3HUKH HE 3aBXK/IW MalOTh JiHIHHY a00 piBHOMIpHY
3aJIeXKHICTb. Lle ycKilaHIOE 3aCTOCYBaHHS CTaHJapTHUX
METOZIB KOHTPOJIO SKOCTi, TOMy B TaKHX BHIIaJKax
BUKOPHCTOBYIOTBCSL CTAaTHCTH4HI miaxoau. OcCHOBHa
3a/avya I0JSra€ HE CTUIBKH y BHUBYCHHI PO3IMOILTY
MOKa3HUKa y (I3UYHMX ONUHHMILIX, CKUIBKA B
JOCTIKSHHI pO3MOIiTy HOTO OILIHOK y 0e3po3MipHOMY
BUTIAAI. B pamMkax I1hOr0 TMIIXOAY BHBYAKOTHCS
3aKOHOMIPHOCTI PO3CiIOBaHHS TaKuX OLiHOK [19].

OO0’exTOoM aHaNi3y y KBaJiMeTpii, SK MPaBuUIIO,
BHUCTYNA€ pe3yJbTaT TEXHOJNOTIYHOTO TIpomecy —
BUTOTOBJICHWI  BupiO. Po3pizHstoTh 1Ba  MeToqH
JIOCSATHEHHS HEOOX1THUX mapaMeTpiB SIKOCTI:
IHAWBIAyaJbHE BUTOTOBJICHHS 3 PYYHOIO TOPOOKOIO Ta
ABTOMATH30BaHE BHUPOOHHMITBO HA  HAJAroPKEHOMY
obnagHaHHi. Y 1bOMY JOCHIIKEHHI PO3IJISIIA€THCS came
ABTOMAaTW30BaHWH METOJl, OCKUIBKM BIH JO3BOJISIE
e()eKTHBHO 3aCTOCOBYBATH CTATUCTHYHI METO/IU aHAI3Y.

Cxema  omiHIOBaHHS  sSKOCTi  Oynb  SKOTO
TEXHOJIOTIYHOTO TPOIIECy MPEACTABICHO Ha PUCYHKY 1.
WW W W
l l ¥ l ¥ l ¥,
- Va
< %
TII Wi
) ‘.2
o -

m

L] I :‘W

Z L F

Puc. 1. Cxema oniHIOBaHS SIKOCTI OyAb SKOTO
TEXHOJIOTIYHOTO IIPOIIECY

Jle X1 ... Xp — BXiJHI KOHTPOJIIOIOYi NTapaMeTpH; Zj ...
Z, — YIPaBISIOYi KOHTPOJIIOK4i (HaKTOpU; Wi ... W —
HE KOHTpOJIOI0Yl (AaKTOPH; yi ... Yn — BHXIJHI
MOKa3HUKU sKocTi; Eq E, — BuxigHi e€KOHOMIYHI
MOKa3HUKH

Sk BHITHO 31 CXeMHU Ha PUCYHKY |, TEXHOJIOTIYHUH
IIpOILIEC SIBIISIE COOOI0 CKJIAJIHY CHCTEMY, ITOBEIIHKA SKOT
HEOOXiTHO OIIHIOBATH, aHANli3yBaTH, MPOTHO3YBATH i
NPU HEOOXIMHOCTI KOpEryBaTH - KepyBaTh HEH MJIs
3a0e3neueHHs BUCOKOI SKOCTI MPOIYKIIil.

Ilin 9ac aBTOMAaTHU30BAaHOI'O  BHUPOOHHUIITBA
TIOKa3HUKH SKOCTI MOXYTh BIIXWISTHCS BiJ 3aJaHHX
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4yepe3 MiF0 CHCTEMAaTHYHUX 1 BUIAAKOBUX (DaKTOPIB.
CucremarnuHi (axkTopy, sK-OT 3HOC ab0 HETOYHICThH
IHCTPYMEHTY, 3MIHIOFOTBCS MTOCTYTIOBO abo
3QTUINAIOTHCS TOCTIHHUMU T BCiel mapTil. Bunaakosi
(hakTOpH, HABIIAKH, 3MIHIOIOTHECA 0€3 3aKOHOMIpHOCTI,
10 TPU3BOJMTH A0 Bapialid y SKOCTI HaBiTh NpH
OJJHAaKOBUX YMOBax BHUpOOHHUTBAa. Yepe3 e iCTUHHE
3HAYCHHS IIOKAa3HHWKA SKOCTI OKPEMOro BHpPOOYy €
BUIIAIKOBOIO BEJIIMYMHOIO, IO 3MIHIOEThCS B IIEBHHX
Mexax. [Iyis aHasi3y TakuxX BiIXHJIEHB 3aCTOCOBYIOTHCS
METOJM MaTeMaTHYHOI CTATUCTHKH.

CydacHI TEXHOJOTIYHI TPOIECH MOTPEOYIOTh
BUKOPHCTaHHS aJJallTHBHUX CUCTEM YIIPaBJIiHHS, 31aTHHX
3a0e3neynTH CTablIbHY SKICTh NMPOAYKIIi HABITH NpPHU
3MIHHUX 30BHIIIHIX YMOBaX. ¥ TakMX yMOBax OCOOJIMBO
BRXJIMBAM € CTAaTUCTUYHHUI aHaii3, KU Ja€ 3MOry
JIOCITIJDKYBaTH BJIACTMBOCTI BHIIAJKOBHX BEJIMYMH Ha
OCHOBI BHOIPKOBHMX JaHHMX. Y TIPOIECI CTaTHCTUYHOIO
OLIIHIOBAHHS BHPILIYIOTBCS 3aBHaHHS, IO BKIIOYAIOThH
00poOKy maHuX 1 NPUHHATTS pimeHb. OCKUIBKK JaHi
MalOTh BUIAJKOBUII XapakTep 1 3a3BHYaii OOMEXCHI B
00cs131, pe3ysIbTaTH aHaNi3y TaKOX € IMOBIPHICHUMH.

OCHOBHI THNHM 3ama4, [0 BHPIMIYIOTECA Yy
CTaTHCTUYHOMY aHAlli3i SKOCTi, — M€ OLIHIOBaHHI
mapaMeTpiB, IepeBipKka CTAaTHCTUYHUX TimoTe3 i

moOyaoBa ¢yHkii posmoniny. KoxeH i3 ux HampsMiB
Mae CBOI METOAM Ta NpAaKTHYHE 3HaueHHs. Hanpuknan,
OILIIHIOBAHHS JI03BOJISIE BU3HAYUTH YHCIIOBI1
XapaKTEpPUCTUKU PO3IMONLTY, IepeBipka Tinore3 —
3’sCcyBaTH, 4YM  BIANOBiZae  BUOIpKa  IIEBHUM
NPUIYIIEHHSM, a BH3Ha4Y€HHs (QYHKIIT po3noainy —
ornucatd  HMOBIpPHICHMH  XapakTep  pO3CilOBaHHA
3HAYCHb.

3agaui OLIHIOBaHHS 3BOJATHCS 10 OTPHUMAaHHS
TOYKOBHX a00 IHTEpPBAJIbHMUX OLIHOK MapameTpiB. Y
3aJayax TIEPeBIpKH TiMOTe3 YacTo  IONEPeIHBO
BUKOHY€EThCS BUSIBJICHHS 1 BHKJIIOYCHHS aHOMAIbHHX
cnoctepeskeHb. L{i IBi 3amadi TiCHO B3a€MONOB’S3aHi,
OCKITBKHA YTOYHEHHS pO3MoAiry abo mapameTpiB MOxe
OyTH HEOOXiTHIM JUTS TOYHIIIOTO TECTYBaHHS TIMOTE3.

OuiHroBaHHs (QYHKLIT pPO3MOAUTy € CKIAJHUM
3aBIaHHSAM Yy BHUII3JIKaX, KOIM OOCAT CTATUCTUYHOT
iHopmarii oOMmexxenuid. Xoua a8 BENMKUX BUOIPOK
ICHYIOTh e()eKTHBHI METOJM, HAIpHKIan MNo0yaoBa
ricTorpam abo TOJIIrOHIB YacTOT, y BHIAIKy 0OMEXEHHX
JAHUX TaKi METOMU Nar0Th HEHaliiHi pe3ynpratd. Lle
0COONMBO aKTyaIbHO VIS IIANPHEMCTB 3 MajocepiitHuM
BUPOOHHUIITBOM a00 sl OMIHIOBaHHS SKOCTi JOPOTHX,
HaJIIHHUX BUPOOIB, e 00cAT BUOIPKH HEBEIUKHUIL.

YMmiHHS 1OOYyQyBaTH TOYHY OIHKY (yHKIii
PO3TOALTY HaBITh 32 MaJIOKO KUTBKICTIO TAaHUX JO3BOJISIE
CYTTEBO 3HM3UTH WMOBIPHICTh IIOMIJIOK TIPH MPHAHATTI
CTAaTUCTHYHUX  pimeHs. ToMmMy mpum  oOMexeHiH
cTaTUCTUUHIM  iHopmamii  BaXJIMBO  e(EeKTHBHO
BUKOPHCTOBYBATH KOXXEH IIOCTYIHHI €JIEMEHT JaHHX.
Takuil MXig TIATPUMYETHCS i1eSIMH, 3aKJIaJCHUMH Y
poboTax 3acHOBHHMKIB Teopii iHpopmanii — H. Binepa,
P. ®imepa, K. lllenHoHa, sKi TOKa3aau, SK HaBITh
oOMexeHi o0csiru iHpopmarii MOXYTb
BUKOPHCTOBYBATHCh JUII OTPUMaHHS OOIPYHTOBaHHX
CTaTHCTUYHHX BUCHOBKIB.

3. 3actocyBaHHsl QyHKUIII NOMUJIOK A1
OLIiIHIOBAHHSA AKOCTI 00’€KTIB KBaJiMeTpil

[IpornoHy€eThCs AOCHIANTH Ta 32CTOCYBATH (HYHKIIIFO
MOMHJIOK  JUIi  OTpUMaHHS  Oe3pOo3MIpHHX  OIIHOK
OIMHUYHUX PO3MIPHHX MOKA3HUKIB AKocTi. L GpyHKIiS €
CKJIQTHOIO Ta BUKOPUCTOBYETHCS B MATEMaTHYHIN (i3uii
Ta CTAaTHCTUI JJI8 BHUPILICHHS NPHUKIIHUX 337ad.
P03BUTOK KOMIT'IOTEPHHUX TEXHOJIOTIi OCTAHHIMH POKaMH
3HAYHO PO3LIMPUB MOKJIMBOCTI il 3acTOCYBaHHs. Burmsin
(dyHKIii moMuIoK HaBeaeHo y pobori [20].

2 [t ®
erf (X)=—=|e " dt
7
I'papiune  300pakeHHs  QYHKIII  ITOMIITIOK

MIPE/CTaBICHE HA PUCYHKY 2.

-0.75 /

=1.00

Puc. 2. T'padix dynxuii mommiox (1)

Y  kBamiMerpii, BpaxoByIOUM  OCOOJIMBOCTI
OIL[IHIOBAHHS SKOCTI 00’€KTiB, MOKHA 3a3HAYUTH, IIIO,
OlLlIHKa TOKa3HWKa SIKOCTI 3HAXOJUTHCS B I1HTEpBai
0<y(x)<l, a mBHIKicTF 3MiHH (YHKI{ Ha MEXOBHX
3HAYCHHSAX 3HAYHO HIDKYA, HDK y cepelnuHi niana3ony. 3
pucyHky 2 BumHo, mo ¢yHKUis (1) mae HamexHi
OOTpyHTYBaHHA Ui OTPUMAaHHA OIIHOK SIKOCTi B
KBaJIMETPii.

3 pucynka 2 BuaHo, mo QyHkuis (1) €
OOI'PYHTOBAaHMM IHCTPYMEHTOM JJIsl OLIHFOBAHHSI SIKOCTI
B KkBanimerpii. be3po3mipHi oLiHKKM, OTpuMaHi 3a ii
JIOIIOMOT0I0, 3MIHIOIOTECS B Mekax Bim -1 mo 1. 3a
JIOTIOMOTOI0  alreOpaiyHUX  MEepeTBOPEeHb  MOXKHA
oTpuMaTy (pyHKLIOHANBHY 3aJISKHICTD, KA J1a€ OL[IHKH
B niana3oHi 0 < y(x) < 1:

1 1 X—a
X)=—=+—erf (-l +k , 2
Y0 =5+ ert (-l + ki) )
ne erf(x) — ¢yHkiss moOMMIOK; @ — MiHIMAJIBHO

JIOIMyCTAME 3HAYCHHs IMOKAa3HUKA SKOCTi (BiAMOBimae
HOpPMaTHBaM); b — MakCUMaJIbHO JOMYCTUME 3HAYCHHSI
MOKa3HUKA; X — BUMIPSIHE 3HAUEHHS TIOKA3HUKA SIKOCTI;
k — mapamerp popmu; | — mapamerp maciuraGy.

Oyukiis Y(X) B ToUlli @ mpHiiMae 3HAYEHHS
oimsbke 10 0, a B Touni b — 6nuseke no 1. 3anexHicTh
(1) mpexacraBieHo Ha pUCYHKY 3.
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0.8 . -
0.6 7] .
y(¥)
— 04 a .
0.2 7] .
1 1 1
% 26 27 28 20 30 0o —
0 02 04 06 038
X
X
Puc. 3. I'padix dynkuii (1) npu a = 25; b = 30; Puc. 7. Ipadix Gpyukuii (1) npua=0;b=1;1=1;k=5
1=2;k=4

Sk BumHO 3 Tpadika, OmiHKa SKOCTI 3pocTae Bix 0
70 1, mpuYoOMy ONTHMalbHE 3HAYEHHSI IOCATAETHCS TPH
HabmikeHHi 10  BepxHpoi rpammmi (D).  Skmmo
HaWKpamMii MOKAa3HUK BiAMOBiaE HIKHIA Mexi (a),
BUKOPHCTOBYETHCSI 00EpHEHA 3aJIeKHICTB!

11 X—a
'(x)=1-(=+=erf (-l +k—)), 3
y () =1-G+2ert (- +k —)) ®3)
Ha pucynkax 4 - 13 nokasano rpadiku ¢ymkiii (1)

JUTS pi3HHUX 3HAYeHb mapametpis K Ta |, 1o aemoHcTpye
il THYUKICTB Yy 3aJIS)KHOCTI Bijl HAJIAIITYBaHb.

I I I I
0 02 04 06 08

X
Puc. 4. I'padik ¢pyukuii (1)mpua=0;b=1;1=2;k=1

1 1 1 1
0 02 04 06 08

X

Puc. 5. I'padik ¢pynkuii (1) mpua=0;b=1;1=1;k=3

1 T T T

0.8
0.6

y(¥)

—04

0.2

0 I I I I
0 02 04 06 08

X
Puc. 6. I'padix ¢pynkuii (1)mpua=0;b=1;1=1,k=4

1 T
0.8
0.6
y(X%)
SAL N

0.2

0 I I I
0 02 04 06 038

X
Puc. 8. I'padik ¢pyukmii (1) mpua=0;b=1;1=2;k=3

1 T T T

0 I I I
0 02 04 06 08

X
Puc. 9. I'padix ¢yukuii (1) mpua=0;b=1;1=2;k=4

1 T T T T

0.8
0.6~
y(¥)
EAIIA

0.2

0 I I I
0 02 04 06 038

X
Puc. 10. I'padix dpynkuii (1) mpua=0;b=1;1=3; k=4

1 T

0 02 04 06 08

X

Puc.11. T'padik ¢pyukmii (1) mpupa=0;b=1;1=3; k=5
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y(¥)

0.4

0 1 1 1
0 02 04 06 08

X

Puc. 12. I'pacix ¢pyukmii (1) mpua=0;b=1;1=3;k=6

1 T T T T

o
N
T

| 1 1
0 02 04 06 08

X

Puc.13. Tpadik dynkmii (1) mpua=0;b=1;1=4;k=6

Vnockonaneni  3amexsocti (1)  Ta  (2)
JIEMOHCTPYIOTh BUCOKY €()eKTHBHICTb y HOpIBHSHHI 3
TpanuIifHIMHU METOIaMU KBaJliMeTpii, 1110
MiITBEPKYETHCS HU3KOIO KITFOUOBHX mepesar [21, 22].

[Mo-nepure, iX HeMHIWHWA XapakTep ILLIKOM
BIANIOBIZIa€ TCOPETUYHMM 3acajaMm kpaiimerpii. Ile
0COOJIMBO BaXKJIMBO, OCKIJIBKH OIIHKH SIKOCTI 3a3BUYaii
3MIHIOIOTBCSl HE3HAYHO Ha MEXI JIOIyCTUMOTO Jiara3oHy,
TOAl SK OCHOBHA iH(opMaIls 30cepemkeHa came
BcepenuHi  HBhoro.  Taka  0ocoONMBICTE  POOHTH
3aIIpOTIOHOBAaHI 3AJIEKHOCTI 1/IeaJIbHIM 1HCTPYMEHTOM ISt
MPaKTHYHOTO 3aCTOCYBaHHs, JI¢ MOTPIOHO aHai3yBaTH
peaibHi, a He TPaHIYHI 3HAYCHHS OKa3HUKIB.

ITo-mpyre, Ha BigMiHY BiI iCHYFOUMX METOIUK, SKi
9acTO BUMAraloTh CKIQJHUX PO3PAXYHKIB 1 3aTydeHHS
€KCTepTiB, HOBUIM MiIXiJ IPYHTYETbCS Ha QYHKIIT
nomuiiok (DOIII), BOynosaniii y Microsoft Excel. Lle
3HAYHO CHPOIIYE MpPOLEC OLIHIOBaHHS, OCKUIBKH
BiJlIala€ HEOOXIMHICTh Yy pPO3pOOIli CIEIiaai30BaHOTO
nporpamHoro 3abe3nedyeHHs. B pesynbraTi 3a5exHOCTI
CTalOTh YHIBEPCAIBHUMU — iX MOXKHa 3aCTOCOBYBaTH
0 HAWPI3HOMAHITHINIMX O00’€KTiB: TEXHOJIOTIYHHIX
MIPOIIECiB, MPOMHUCIOBOI IMPOMYKIii, 1HTENEKTyaJIbHUX
pecypciB TOIIO.

BaxummBo  TakoK ~ BIN3HAYMTH  NPAKTHYHY
3HAYYIIICTh IIEOTO MiaX0My. 3alponoHOBaHI
3aJIeKHOCTI MOXKYTh OYTH JIETKO 1HTETPOBaHI B CUCTEMY
YIpaBIiHHSA SKICTIO HA PiBHI OKPEMHUX IiJIPHEMCTB a060
rajxysei, CTaBIIM YaCTHHOIO BHYTPIIIHIX HOPMaTHBHHX
JIOKYMEHTIB. BpaxoByro4H, 1110 BUITaIKOBE PO3CIFOBAHHS
MMOKA3HKUKIB SKOCTI, TaKMX sK X, IMiINOPSIAKOBYETHCS
HOPMaJIbHOMY 3aKOHY pO3MOJiIY, IX BHKOPHUCTaHHS
3a0e3meuye TOYHICTh 1 HaiiHICTh OI[IHOK.

Takum YHHOM, TOEAHAHHS TEOPETUIHOT
0OTPYyHTOBAHOCTI, MPOCTOTH peajizamii Ta MHUPOKoi chepu
3aCTOCYBaHHS POOWTH IIi 3aJICKHOCTI IEPCIICKTHBHUM
THCTPYMEHTOM JUTSl CyJacHHUX METO/IIB OL[IHIOBAHHS SIKOCTI.

4. OuiHwBaHHAA PpU3MKIB HHU3BKOL
SIKOCTI MpoayKIii
PosrnsHemo  BumagkoBy — BenmmumHy X, IO

XapakTepu3y€e IMOKA3HUK SKOCTiI 1 IAHOPSIIKOBYETHCS

HOPMATBFHOMY  3aKOHY po3moairy 3  (yHKIi€o
IIJIBHOCTI:
1 _(x=0?
2
f(X)=—7—=e 2 4)
o2
Sxkmo 1 BenWuYMHA TOB'S3aHa 3 0E3pO3MipHOIO

omikoo Y 3amexHicTio (4), To (QYHKIUS IMITBHOCTI
fimMoBipHOCTei ((Y) HabyBae BUIISLY:

-1 2
1 ——(G2(y)-X) (5)
a(y) =—="la(y)|-e*
R
Iie:
2+ 2 (2y-17 + 27 -(2y-1)' +
11 1 173 48 (6)
Ch(}’):?(zxmax *mem)” 127 )
== 7% (2y-1)°
2880
z(2y-1°* 7x2%(2y-1)
_ X=X [ V7 @y =+ || ()
Qp(y) =—"——" =~ . , +2,
4 2 L2tz (2y-1)
40320
Oymnkuis (4) Mae 1Ba mapameTpu:
- 10 8
X = 72 Xi ! ( )
Nz
JIe X; - BUMIpPSHE 3HAYCHHS IMOKAa3HHUKA, N — KUIbKICTh
BUMIpIOBaHb.
1o 9)
o= |—=3(x; - X)*
n-lia
Ipadik  ¢yskmii  mimerocti  (5)  mrimeHOCTI

HaBe/IEHO Ha PUCYHKY 14.

1.5 T T

acy)

0 0.5 1

Puc. 14. I'padik ¢pyHKIi] miapHOCTI

TakuM YHHOM, 3HAHHA PO3MOAITY OyAb-SKOTO
MOKAa3HUKA SKOCTI SK BHITAIKOBOI BEIHYMHU Pa3oM i3
3aCTOCYBaHHAIM (YHKIIOHAJBHOIO IepeTBOpeHHs (2)
A€  3MOTY BH3HAYMTH  PO3MOALT  OI[IHOK  Ha
yHiikoBaHill Oe3po3MmipHiil mikani. HasBHicTh Takoro
PO3MOALUTY OIIIHOK SK BUIAIKOBOI BEJIMYMHH BiJKPHBAE
IMIMPOKI MOMIIMBOCTI JJIsl PO3B'SI3aHHS PUKIATHUX
3aBJ[aHb 3 BUKOPUCTAHHSAM CTaHIAPTHUX CTATHCTHYHUX
METOJIIB aHATi3Yy.

3Haroun (QYHKINO OIUTEHOCTI HMOBIPHOCTEH JUIS
BHIAIKOBOI BEIWYMHHA Y, TOII MOXKIIMBO BHUPIITYBaTH
MPAaKTUYHI 3aBIAaHHs], B TOMY YHCIi 3HAUTH HMOBIPHICTH
TOTO, 1[0 3HAYCHHSI BUIAJKOBOI BENUYUHK Y MOTPAILISE
B MIEBHUH MIPOMIXOK (¢, d):
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P(c<y <d)=q(y)dy = F(d) - F(0) (10)

1e q(y) - GyHKIIS po3MOIiTy BUTAAKOBOT BETHYHHH Y.

OTxe 3HaWIEeMO WMOBIPHICTH TOTO, IO 3HAYCHHS
BHUIIaJIKOBOT BeNW4MHH Y TOTPAILIATH B IPOMIiXKOK (c, d).
JIiist 11bOT0 HEOOXITHO PO3paxyBaTh IHTETPAI:

P(c<y<d)=]q(y)dy..

[IpoBeneni po3paxyHKH, IpeACTaBieHi B TaOIMII
1, mamm HacTymHI pe3yibTaTH IIOJO WMOBIPHOCTI
nomafganHsa Y y pisHi iHTepBay.

(11)

Tabn. 1. IMOBipHICTE 3HAXOKCHHS 3HAYCHHS
BHITIAIKOBOI BeTMUMHE Y B iHTEpBadi (c, d)

InrepBan 0-1 1-2 2- | 34 4-5
3
Imosipuicts | 0,069 | 0,095 | 0,1 | 0,1 0,1 >
TurepBan 5-6 6-7 7- | 89 9-1 1
8

ImoBipuicTs | 0,1 0,1 0,1

0,095 | 0,069

PesynbraTtn MiATBEPIKYIOTh MIPaBUIBHICTh
00paHOTO MAaTEMAaTHYHOTO amapary 1 JIOCTOBIPHICTH
NPOBEJCHUX NOCHiKeHb. OTpUMaHi 1aHi MOXYTb OyTH
BUKOPHMCTaHI Uil MOJAJbIIOTO aHami3y SKOCTI Ta
NPUIHATTS YIPaBIiHCHKHUX PIllICHb.

Cnucok qgitepatypu

1. ISO Guide 73:2009 «Risk management

BucHoBku

Y cydacHMX JIOCHIDKCHHSIX 3  KBaJiMeTpii
3aIpOIIOHOBAHO BHKOPHUCTAHHS (DYHKIIT MOMHIJIOK IS
NnoOyZOBH yHIBEpCaIbHOI MOJIEJi OLIHIOBaHHS SIKOCTI.
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JWIle 3HaHHA TPAaHWYHO JONMYCTHMMHUX 3HAueHb Ta
mapameTpiB (JOPMH PO3IIOILTY.

MaTeMaTHUHUIT ~ aHATi3 [OKas3aB, IO IIPH
HOPMaJIbHOMY pO3MOJALT BUXIIHUX JaHUX OTpHUMaHa
GyHKIIST [IUIBHOCTI WMOBIpHOCTI Ha 0e3po3MipHiii
mKaii 30epirae  OCHOBHI  BJIACTHBOCTI  BHXIJIHOTO
posmoniny. lle mo3Bomsie 3acTocoByBaTHM CTaHAapTHI

CTaTUCTUYHI METOAM ISl aHamizy HMOBIpHICHHX
XapaKTepUCTHK.  30Kpema, OyJo  BCTaHOBICHO
CUMETPUYHMHA  XapakTep  pO3MOAULYy  OI[HOK 3

MaKCHUMAaJIFHOIO NIUTBHICTIO B IEHTpaNbHIN 00MacTi Ta
TUTaBHUM 3MEHILIECHHSM JI0 MEX Jiarna3oHy.

BaxnmBoro mepeBaroro 3ampornoHOBaHOIO METOLY
€ Horo iHBapiaHTHICTH BIiZHOCHO TIpHpomu 00'eKTa
OIIIHIOBAHHA, IO  3HAYHO  pO3IHUPIOE  cdepy
3aCTOCYBaHHS y Pi3HHX ranmy3sx. OTpuMaHi pe3yiabTaTi
CBiUaTh MpPO BHUCOKY €(EeKTHUBHICTh TAKOTO MigXOIy
JUIs  3a1ad  CTaHIApTH3alii MpoUeayp OLIHIOBaHHS
SIKOCTI Ta IPUHHSATTS YIPABJIiHCHKUX PILIICHB.
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Application of functionally dependent statistics for assessing product quality risks
R.M. Trishch, K.O. Lomanov, D.O. Tsytsyliano, V.O. Krutko, D.Yu. Bondar, D.S. Zas
Abstract
In today's environment of fierce competition and high product quality requirements, risk assessment is becoming an
integral part of the quality management system at enterprises. Particular attention should be paid to the risk of low-quality
products, which directly affects the image, financial performance and overall competitiveness of the enterprise. Effective
management of such risks requires the implementation of sound, reliable and quantifiable quality assessment methods. One of the
most promising areas in this context is the use of a multi-criteria approach to assessing qualimetric objects. Since quality
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indicators may have different units of measurement, there is a need to bring them to a dimensionless form to create a single
integrated assessment. This task requires the use of mathematical dependencies that can provide a quantitative definition of
quality with sufficient accuracy. However, the formation of such models is a complex process that requires a detailed analysis of
the research object. In this regard, the paper proposes to investigate the possibility of using functionally dependent statistics, in
particular the error function, to obtain dimensionless estimates of single dimensional quality indicators. This function is widely
used in mathematical physics and statistics and has significant potential in the context of practical evaluation. The development
of computing technology has greatly simplified its use in applied problems. In addition, based on the analysis of the density
function of estimates, it is proposed to determine the probability of these estimates falling into critical intervals, which allows
developing an effective methodology for assessing the risks of producing low-quality products. This approach ensures an
increase in the accuracy of decision-making in the field of quality management.
Key words: quality; risk; assessment; dimensionless scale; error function; qualimetry.
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OIITHKA TOYHOCTI BUTOTOBJIEHHS JTETAJIENA
3A TEXHOJIOI'TEIO 3D-APYKY

B.B. Heo6par, I.1. Kimtounuk, I1.B. I'ankin, B.C. Pomanuyk, [.1. Kimtounuk

Xapxiscokuil nayionanvhuil ynieepcumem padioenekmpouiku, M. Xapkis, Yxpaina

AHoTanis

ITpoBeneno anani3 Tounocti 3D-npunTrepa. [TokazaHo 1110 OLIHIOBaHHS TOYHOCTI Ta MOBTOPIOBAHOCTI MO3HMILIOHYBaHHs oceit
3D-npuHTEpa MOXKE MPOBOIUTHCH 3 3aCTOCYBAHHIM METOIY O€3IM0CEepPEIHHOTO PO3ILTHHOTO BUMIPIOBaHHS OKPEMHUX OCEH, KU
permamentyetbes [SO 230-2 2016 [1]. IommpeHHss HOPM Ta MPaBWI JAHOTO CTaHAAPTY Ha 3D-mpuHTepH 3abe3nedye €TuHUN
MiAX11 0 METOJIB BUMPOOYBaHb SIK 10 JIIHIHHUX OCEH TaK i oceil 00epTaHHs, OTHAK HE OXOILTIOE OJJHOYACHY IEPEBIPKY KITBKOX
oceil. IlepeBipkd MOXXYTb BHKOPHCTOBYBATHCS JUISl THIOBHUX, HPHUAMAIbHHX, MOPIBHAIBHUX BHUIPOOYBaHb, MEPiOJUYHHX
HiATBEP/DKEHb TOYHOCTI, a TaKOX I Kopekuil ToynocTi 3D-npunTtepiB. Meroauka BUIpoOyBaHb BKIIIOYA€ IMOBTOPHI BUMIpH
KoJKHOT mo3uiii. Ha mijcTaBi npoBeieHOro aHanizy BU3Ha4€HO Ta PO3paxoBaHO JOLUIBHI apaMeTpu BUNpoOyBaHHs. OIiHKY 1X
moxuboK BHKOHAHO BiAmoBimHO 10 ISO/TR 230-9:2005 [2]. BUroToBieHHs TECTOBUX A€Talleil 3/iiiCHEHO Ha MOAU(IKOBAHOMY
3D-npunTepi 3 BuKOopHcTaHHAM ToToBoi Mozeni Tevo Tarantula. TTomambuiuii KOHTPOJIb TEOMETPHYHUX PO3MIPIB JT03BOJIUB
OLIIHUTH TOYHICTh BUPOOIB, 110 BUTOTOBISIIOTHCS 32 TEXHOJOTIE0 3D-ApyKy.

Kawuosi ciaoBa: 3D-apyk, 3D-npuHTep, BUMIpIOBaHHS MO3MIIOHYBAaHHS OCEH, PO3PaXyHOK BiIXWIICHb,

OLIIHKA TOYHOCTI.

1. Beryn

CydJacHi aaWTHBHI TEXHOJNOTi €  OFHHUM i3
MPOBIOTHUX HANPSAMKIB  IH(PPOBOTO  BHPOOHMIITBA.
Texnouorii IIOIIapOBOrO CHHTE3Y 3a3BUYail

peani3yloThesl IIUIIXOM 3acTocyBaHHs 3D-npuHTepa,
AKUHA 3uuTye Qain 1nuppoBoi Moxmeni BHPOOY Ta
CTBOPIOE ~ HOro, TIOCHJIOBHO  HAHOCSYM  LIapH
MOJIMEPHOT0, MOPOIIKOBOT'0, IAlepOBOT0 YW IHIIOTO
Matepiary [3]. Lli TeXHOOTIT aKTHBHO 3aCTOCOBYIOTHCS
JUIs  [IBHIKOTO IPOTOTHUIIYBAHHS Ta BUPOOHHIITBA
IpibHOCEPIHHIX mapTii BHpPOOIB. [IBuaKe
MPOTOTUITYBAHHS MOJIETIIYE MOBTOPHE TECTYBAHHS 3
MOCTITIOBHOIO TIOKPOKOBOIO MOJIEpHi3alielo 00'ekTa.
3D-apyK € HEIOpOrol albTepPHATUBOI TPAAWIIHHUM
METOZaM BHUTOTOBJICHHS PI3HOMAaHITHHX IIPEIMETIB,
Jietaneii, BUpOOIB 10 CTBOPIOIOTHCS OJMHUYHO abo B
HEBEJIMKIA KUTBKOCTI.

IcHye nekinbka BHIIB aTUTHBHHUX TEXHOJIOTIH,
KO)KHa 3 SKUX BUKOPUCTOBYETHCS JJIsi BHPIIICHHS
Pi3HUX BUPOOHMYMX 3aBAaHb. METOAN IPYKY TOHKUMH
nIapamu, sIKi y KiJTbKa pa3iB MCHIII 3a BOJIOC JIFOJIMHH,
3aCTOCOBYIOTBCS JUIS MPOTOTHITIB FOBETIPHUX HPHUKPAC
Ta  CTOMATOJIOTIYHHX  TPOTE3iB.  BHUTOTOBICHHS
METaNICBUX JIeTaJlei paKeTHUX [BUTYHIB Ta JITaKiB
BiIOyBa€Tbcs 3a  JONOMOTOI0  TEXHOIOTIH 1o
320e3MeqyI0Th CTBOPEHHSI OCOOJIMBO MIITHIX 00’ €KTIB.
[MoctynoBo 3D-npyk BIpOBaKyeThCS y OYIIBHUIITBO.
[lepeBars  TEXHOJOTiIH TOMIAPOBOIO  CHHTE3y —
OMEPaTUBHICTh, EKOHOMISl CHPOBHHH Ha BHPOOHHIITBI,
Majga KiJdbKICTh BIZXOMIB, a TaKOX MOKJIHBICTh
CTBOPEHHSI CKJIQJIHUX TEOMETPUYHUX (OpM, 5K €
BaXKOJOCTYITHUMH Ui TPAJMIIHHUX  METOJIB
00poOku. OnHak 3a AeskuMH mapamerpamu 3D-apyk
1€ He JOCST PiBHS TPagULIHHUX TEXHOJIOTiH 00poOKH

MaTepialiB Ta BUTOTOBJICHHSI ICTaJIC KOHCTPYKIIIH, 1110
BUITYCKAIOThCSI MacoBo abo cepiiiHo. OCHOBHHUMHU
npoOjieMaMy  3aJIMIIAKOTBECA  TOYHICTh, SKICTH Ta
BiJITBOPIOBAHICTh BUPOOIB.

Hapasi BigcyTHS 3araJlbHONPHUHHATA METOAWKA
MepeBipKu TOYHOCTI 3D-puHTEPIB, MO MPU3BOIUTH 10
CTPUMYBAHHS TPOLECY IMOJAIBIIOTO yIOCKOHATICHHS
AJINTUBHUX TeXHOJIOTIH. 30Kkpema, 1t FDM-nipunTepis
TAKOX 3aIMIIAETHCS AKTYAIbHUM MUTAHHS BH3HAYCHHS
TOYHOCTI OTPAMaHHUX BHPOOIB.

HesBaxaroun Ha 3asBH [EIKNX BHPOOHUKIB IO/I0
XapaKTepUCTUK BUITyCKAEMUX HHUMHU TIPUHTEPIB, TaKuX,
HAIPUKIIA, K "po3/iabpHa 34aTHICTh 50 MKM", 3p03yMiIo,
mo 0e3 CTaHIAPTHU30BAHOI METOMMKHM BHIIPOOYBaHb TakKi
TBEPPKEHHSI € CKOpillle MapKETHHIOBUMH 3asiBaMHM, HDK
TEXHIYHAMH MTapaMeTpamH.

TakuMm 49uHOM, PO3pOOKAa METOIUKH OI[iHIOBAHHS
ToyHOCTI 3D-/IpyKy € aKTyajabpbHOI0 HAyKOBOIO 33/1a4€lO0,
0  CHpUSTHME MiZIBUIIEHHIO  SIKOCTI  JPYKY,
nomupeHHo  3D-Ipyky B HOBHUX raiy3sx —Ta
3aCTOCYBaHHIO HOTO y CEepifHOMY BHPOOHHIITBI.

2. IIpouenypa apyky 3D moaeJti

Mogens  TecToBOTO  3pa3ka-BHUpoOy,  sSKuit
3aMpOIIOHOBAHO Y BUIJIAAL Hipamian ckiagHoi Gopmu 3
BIANOBITHUMH pPO3MipaMH,  CTBOPEHO B IMporpami
AutoCAD 3D Tta mpezcrasieHo Ha puc. 1 [4-5].

Jliis ApyKy JaHOTO MipaMiJalibHOTO 3pa3ka BUPOOY
O0yB oOpanuii 3D-npuntep Tevo tarantula. Ilpu
miaroroBku 3D-momeni mo napyky Ha 3D-mpunTepi
BUKOPHCTOBYBABCSl  NOIYJISIPHUH, OE3KOIITOBHHH i
3pyunuii ans FDM-ppyky cnaiicep CURA. Mogens
JpykyBanacs ABS miacTukoM 3 pexxnMamiy, BKa3aHHMU
B Tabm. 1.
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Puc. 1. Monenb TecTOBOTO TipamiaabHOTO
3pa3Kka-Bupoly

Ta6muus 1 — [Mapamerpu 3D npyky

HanamryBanus podoTu 3 MaTepiajomM
TemmepaTypa coma 230°C
TemnepaTypa ApyKy HNEpLIOro mapy 230°C
[TouaTkOBa TEMHEpaTypa IpyKy 220°C
KiHuesa TeMneparypa Ipyky 215°C
Temneparypa pob04oro cToiy 80°C
Iotik 100%
Bennunna Binkary 6,5 MM
IIBuAKICTh BiTKATY 25 mm/c
MiHimMaspHe nepeMillieHHsI P BiAKaTi 0,8 Mmm
MHOXXHHUK 7151 JIiHii 3aII0BHEHHS 1
IlepekputTs 3aIOBHEHHS 10%
Tlepekputtsi 000J0HOK 5%
JlucraHiiist 3aKiHUEHHS 3aTIOBHEHHS 0,1 Mmm
[upuna 000T0HKH 0,8 MM
JlucTaHuis po3upeHHs 000JI0HKN 0,8 MM
Oxon101%KeHHsT
1IBUAKICTh BEHTHISTOPA | 100%
HIBuakicThL
HIBuaKicTh APYKY 60 mm/c
[IBHAKICTH 3aIOBHEHHS 100 mm/c
IBuAKICTE IPYKY 30BHINTHBOI CTIHKH 30 Mmm/c
[IBuAKiCTh MEpEMIlICHHS 120 mm/c
IBuaKiCTh APYKY HEPLIOro IIapy 30 mm/c
ITapameTpu ApyKy
Bucora mapy 0,15 Mmm
Bucora nepmioro mapy 0,1 MM
HupwuHa miHii 0,4 MM
Jucraniis 06xo1y 0,625 MM
3anoBHeHHs
1inpHICTH 3aIIOBHEHHS 90%
[1Ta6IioH 3anOBHEHHS TiHi1
JlucTaHiiist 3aKiHUCHHS 3alIOBHEHHS 0,1 Mmm
BizcoToK NepeKpuTTs 3aII0BHEHHS 10%
ToBiMHa mapy 3al0OBHEHHS 0,15 Mmm
BincoTok nepekpuTTs 000I0HOK 5%
Hanamrysanns kyTa msa CxoBaTtu
I0B

3a aHaJOTiYHMM IIPOLECOM BUTOTOBJIECHO APYTY
TECTOBY MOJIEJIb 3 OTBOPAMH, 33 JIOMIOMOT0OI0 SIKOT MOKe
OyTH JOCHIPKEHO TOYHICTh MIXOCHOBHMX BiJCTaHEH
OTBOpiB  3pa3ka-BupoOy  Ta  BIAXWIEHHS  Bij
IUTOIIMHHOCTI. MoJens  cTBOpEHO B Tmporpami
AutoCAD 3D Ta npezacraBieHo Ha puc. 2.

Puc. 2. Mojens KOHTPOJIBHOTO 3pa3Ka-BHPOOyY
3 OTBOpaMu

3. KoHTpoOnb nipamiganbHOro TeCToBOro
3pa3Kka BUpoby

I[Ipn npoBexeHHI KOHTPOJIO MipaMifanbHOTO
3pa3ka BHPOOY, 3MIMCHIOETHCS MEpeBipKa BiAXWICHHS
OTBOPIB BiJ KpyriiocTi. [1i mMO3HAYEHHSIM «BiAXUICHHS
BiJl KPYTJIOCTi» MAa€ThCS HA yBasi HaWONbINA BiACTaHBb

Bil TOYOK peasbHOro mpodinio 10  mpuiIersiol
OKPY>KHOCTI.
Binxunenns Bim kpyrimocti D; — oBanbHICTB

YHCENIHO BU3HAYAETHCS 33 (POPMYJIOLO:
D-d
D =——
2
ne D — waitbinsimmii miametp; d — HalMEHIIHIA TiamMeTp.
KonTtpoiss 3paska BUPOOY, nepenbayae
BU3HAUYCHHS BiJXUIICHb PO3MIpiB OCHOBH BUPOOY.
[TpoBeneHo BUMIpIOBaHHS PO3MIpIB, MO3HAYECHHS
SKMX TpelncTaBieHo Ha puc. 3. Tabm. 2 MicTuTh
pe3yJbTaT BUMIpIOBaHb X PO3MIpIB.

L7

{4
{2

it

Puc. 3. [To3HaueHHs PO3MIpIB MiJCTaBU 3pa3Ka-BHUPOOY

Tabmuns 2 — Pesynbratn BUMiproBaHHS

Howminanena nosxuna | Ly, MM | Lo, MM | Lz, MM | Ly, MM

100 MM 99,8 1015 | 99,95 | 1013

Po3pobnena TectoBa Momenb mipaMiZadbHOTO
3pa3ka-BUpoOa  JO3BOJIAE  JOCHIOWTH  KPYTIICTh
30BHINIHBOT HWTIHAPUIHOT IIOBEPXHI.
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Jlns  3HaXOPKeHHS BIAXWIECHHA BII KPYIJIOCTI
HEeoOXiZTHO BEMIpSATH Bal, IO TiepeBipgeThes (puc. 4), B
JIEKIIBKOX ~TepeTMHaxX Ta BHOpaTH HalOUThmmi i
HaWMeHIMi po3Mipu. Pi3HMII 1MX 3HaYeHb Oyne
BIIXWJICHHSIM BiIl Kpyriocti. Bimxunenusm 3D-apyky
Oyne HaWOLIBIIMKA ~MOMYNIb PI3HMII  HOMIHAJIBHOTO
miamerpa npykKy 1 peanpHoro mnpodimo. Pesynpratn
BUMIPIOBaHHS IWIIIHAPHYHOI IOBEPXHI 3aHeceH] B Ta0. 3.

ey

Puc.4. Cxema BUMIpIOBaHHS 30BHILIHBOT
LWITTHIPUYHOT OBEPXHI

Tabmuns 3 — Pesynbratn BUMiproBaHHS
LW HIPUYHOT TOBEPXHIi

. Haiibinpore
. .. | BumiproBaHHs . . .
HowminansHuii . .| OBanbHICTh | BIAXHIJICHHS Bijg
. LT HAPUYIHOT . .
niamerp . JeTani HOMiHAJIEHOTO
MOBEPXHI .
po3Mipy
d,, Mm dy, Mm|dy, MM| (di—dy), MM | (d,—d)), MM
70 70,8 | 69,85 0,95 0,8

4. IlnomuHHICTL TOpPUEBOI MNOBEpPXHi
MOBEPHYTOI0 NmapaJeJienimnena

BinxuieHHs Bif IDIOMMHHOCTI (TIPAMOJIHIHHOCTI)
— HaWOINbINa BICTaHB BiJl TOYOK pEANbHOI MOBEPXHI
(npodinto) mo npwirerioi IonMHU (TIpsMoi) B Mexax
HOpMOBaHOi  fingHKM.  OKpeMHMH  BHIIQJKaMH
BIIXWICHHS Bil IUIONIMHHOCTI 1 MPSAMOIIHIHOCTI
MOXYTb OYTH OIYKJIICTh 1 YBITHYTICTb.

OnykimicTh — BIOXWIEHHS BiJ IUIOIIMHHOCTI
(IpsAMOTIHIMHOCTI), TpH SAKOMY BiAJAJIEHHS TOYOK
peasbHOT MoBepXHi (PO 1iI0) Bill MPUIIETIIOT UIOMIMHU
(npsiMOT) 3MEHIIIY€EThCS Bijl KPaiB 0 CEpeinHH.

VBIrHYTICTh -  BIOXWJICHHS Bil  IUIOIIUHU
(IpsAMOINIIHIMHOCTI) TpU  SKOMY BUIQIEHHS TOYOK
peanbpHOI MMOBEpXHi (PO 1iII0) BiJl MPUIIETIIO] IIONIMHI
(psiMoT) 301IBIIYETHCS BiJ] KpaiB IO CEpPEMHHU.

4.1. BumipoBaHHfI MJIOIUIMHHOCTI TOpPUEBOI
TOBePXHi
Jus  BuUMIpIOBaHHS  IUTONIMHHOCTI  TOPIEBOI

MTOBEPXHI JeTalb BCTAHOBIIOETHCS 0a30BOIO TIOBEPXHEIO

Ha TepeBipouHy IUIMTY. B naHomy Bumanky ue
MPOTHJIC)KHA TUIOIIMHA BUMIPIOBAHOTO TapalieNerine/a.
BumMiproBanpauii mpminax sBise co000 IHIUKATOPHY
TOJIOBKY 3aKpIIUICHY Ha CTIHIIi, sSIka BCTAHOBJIIOETHCS Ha
NepeBipoYHy  IUIMTY. BuUMiproBaHHS — BiIOYyBaeThCs
3TIAHO 31 CXEMOI0, MTPEACTABICHHOIO Ha PHUC. 5, HA SKIl

MOKa3aHi TOYKH BHMIPIOBaHHSA 1 IUIOIIMHH, IO
MEPEBIPSIOTHCS. PesynbraTu BHUMIPIOBaHHS
IUTOIIAHHOCTI  TOPIEBOi ~ MOBEPXHI  TOBEPHYTOTO

napa’ienerimnesia 3aneceHi B Taom. 4.

pa— M

i
[/ 'xIT[O | ﬁ//

T

B e e Ty e, M i 71T R T T
b \\x"'\\\}\\'\ \H-.\\ e
e e e T T R AT R T T e

r 71273 -4-::-? £
i [75 5wz
= [

Puc. 5. Cxema BUMIpIOBaHb IUIOIIMHHOCTI TOPIIEBOT
MOBEPXHI OBEPHYTOT'0 MapaJieliernimnesia

e e

Tabnuni 4 — Pe3ynabpraTi BAMIPIOBaHHSI TUIOITMHHOCTI
TOPIIEBOI MOBEPXHI IOBEPHYTOTO MapaJelnerinena

Homepu BUMipIOBaHHX NJIOLIUH
BumipoBaibHhi
TouKH L o ] m |
BumiproBaHHsI B MM
1 0 0 0 0
2 0,06 0,03 0,03 -0,02
3 0,04 0,04 -0,01 -0,02
4 0,03 0 -0,07 0,02
5 0,1 0,01 0,1 0,1
6 0,1 -0,02 0 -0,02
7 0,08 -0,02 -0,02 -0,04
8 0,04 0 0 -0,1
9 0,04 -0,06 -0,08 -0,05
10 0,1 -0,07 -0,11 -0,12
11 -0,05 -0,08 -0,11 -0,12
12 -0,1 -0,11 -0,11 0

3a pesynpraraMH BHMIpIOBaHb OyJM BHSBICHI
BIIXWICHHS BiJl TNPSAMOJIHIHHOCTI B Mekax 0a30Bo1
NOBXHHA MO Toukax 1-6 1 7 -12 mid KOXHOL
BHAMIPIOBAHOI IUIOMIMHU. BUMipIOBaHHS BiAXWICHHS Bif
TUTOIIMHHOCTI TPOBEJCHO 32 CXEMaMH{ HaBEICHUMHU Ha
puc. 6 - 9.
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Tabnuist 6 — Pe3ysnbpraT BUMIpIOBaHb BiJXUIICHHS Bil
mapajeasHOCT] TopreBux noBepxons 1111V
MTOBEPHYTOTO Mapaenernineaa

758 g Haiibinsma Bigcrans | Haiimenina Bigcrann Pizuunng,
et MDX INIOIIMHAMH, MM MIX IIOIIMHAMH, MM MM
Puc. 6. BigxuiaeHHs Bif MPSIMOTIHIHHOCTI 0,09 0,02 0.07
1A TIoIIMHY [ . . .
4.3. IlnouMHHiCTL TOpPIEBOI MOBEpPXHi 3pa3ka-
BHPOOY

\"; . i \= Jus  BUMIpIOBaHHS  IUTONIMHHOCTI  TOPIIEBOT
o i} f ‘ MTOBEPXHI, neTanb BCTAHOBJIFOETHCS 06a30B0OI0

I el _,_;/‘;'Kj MOBEPXHEIO Ha nep'eBipqu.y TUTTY, B IAHOMY BUIafIKy

a7 3y 5 z 87555 0 ff---fé_'_'_‘g e «BEpX» JieTari. Banp}OBaHLHI/m nputan ABIeE

: €000 IHIMKATOpHY TOJNOBKY, 3aKpilUIeHy Ha CTiiwi,

sIKa BCTAHOBIIIOETHCSI Ha TepeBipouHy miuty. Cxema

BUMIPIOBaHHS TUIOMIMHHOCTI TOPLEBOT MOBEPXHI 3pa3Ka-

BUpOOy mpenctaBieHa Ha puc. 10. Pesynpratn
BUMIpIOBaHHS MPECTaBIEH] B Ta0uIIi Tabu. 7.

Puc. 7. BigxuiaeHHs Bif MPSIMOTIHIHHOCTI
s rnomua 11

o

b
W 2 3 NS e 4 r7 =9, 11 12

Puc. 8. BinxuneHHs Bif MpsIMONiHIHHOCTI
s rnomuay 111

\ b

V& —

o/
'/

i X [
ﬁ'kf”é’ I %5 6 o a - g2 5\
_"\ 7-8 9 1011 72 @_ﬂ

Puc. 9. BinxuneHHs Big npsMOIiHIHHOCTI
s iomuHu 1V

4.2. BinxujeHHsl Bil mapajeJbHOCTI TOPLHEBUX
NMOBEPXOHb MOBEPHYTOr0 NapaJiejieninena

BinxuneHHS BiJi TapalieIbHOCTI TMPEICTABISE
co00r0 pI3HUIIO HAWOLIBIIOl 1 HaWMEHIIOI BigCTaHEH
MiX TPWICTITUMH TUTONUHAMH B MEKaX HOPMOBAHOT
ninsakn.  [lmomwmHM, moOymoBaHI AN CTOPIH . . .

. . Puc. 10. Cxema BUMIipIOBaHHS MapajebHOCTI TOPIEBOT
MOBEPHYTOrO  Mapajienerinena, B mporpami  Juis . .
i . MOBEPXHIi OBEPHYTOr'0 Mapalielenine/ia
MO/ICTTIOBAHHSI, IEPEHOCSTHCS B OJMH POoOOUiil mpocTip
mapamu [ 1 II, IIT i IV i po3ramoByroThCs, Tak SK Ha ) )
Tabnuus 7 — Pe3ynbraTy BUMIpIOBaHHSI ApaieIbHOCTI

BrpoOi. IlpuyomMy BiAcTaHP MiX IUIOIIMHAMH HE MAae . : .
3HAYCHHS 1 MOXKE BHCTABIIATHCS «Ha OKO». Ilicias doro TOpUECBOT MOBEPXHI MOBCPHYTOTO Napaje/ICIine/a
BUMIPIOETHCSI HalOLIbIIa Ta HaMEHIIa BiJICTaHb MiX BUMIpIOBAHHS B TOUKAX B MM
IJIOIIMHAMM 1 BUPAaXOBYETbLCA P13HUIIA. Nel Ne2 Ne3 Ned Nes Ne6 Ne7 Ne8
Tabmuus 5 MIiCTHTH pe3ysbTaTH BUMIPHOBaHHA [002 | 0,04 | 01 | 0,14 | 0,17 | 0,16 | 0,14 | 0,04
napanesnsHocti mwiowyay 1 1L N9 [ Ne10 [Nell [ Nel2 | Nel3 | Neld | Nel5 | Nel6
Tabnums 6 MICTHTh pPE3yJbTaTH BUMIPIOBAHHS 0 004 | 01 | 024 | 02 | 015 | 0,11 | 0,8
napanensHocTi wiommHu 111 VI BuMiproBaHHs B TOUKaX B MM
Nel7 | Nel8 | Nel9 Ne20 | Ne21 | Ne22
Tabnums 5 — Pe3ynbraTét BUMiprOBaHb BiIXUICHHS BiJl -0,15 | 0,4 | 0,14 0,15 0,1 0,1
napaesIbHOCTI TOpLEeBHUX 1moBepxoHs I 1 111 No23 | Ne24 | Ne25 No26 | Ne27 | Ne28
MTOBEPHYTOTO TapaJenerineaa -0,15 | -0,1 | 0,05 01 (011 | 0,8
— - - - - No29 | Ne30 [Ne31 |[Ne32 |Ne33 [ Ne34 [ Ne35 | Ne36
H.an61nbma BiJICTaHb HaI/IMeHU_Ia BIJICTaHb Pizaui, 01 /02 011 014 | 014 |01 007 0.09
MUK TUTONIMAAMEH, MM | MUK TLTOUIIHAMH, MM i Ne37 [Ne38 | Ne39 [Ned0 |Nedl | Ned2 |Ned3 | Nedd
0,20 0,08 0,12 -0,11 |-0,07 |0 0,1 0,1 0,05 |[0,06 0,03
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5. BucHOBKH

3anporoHOBaHO METOIWKY OIIIHFOBAaHHS TOYHOCTI
3D-mpunTepiB. 3acTocyBaHHA Ili€l METOAWKH I
JOCITIJDKEHHS TOYHICHUX XapaKTePUCTUK K
pO3po0IeHOr0 TPHHTEPA, TaK 1 MPOMHCIOBOI MOZENi
Tevo Tarantula, JTO3BOJIIJIO OTPUMATH KUIBKICHI
pesynbratd  noxubOok apyky. Tak, MakcuManbHE
BIZIXWJICHHS BiJl 0230BOT IJIOIIMHH 0 IUIOIIUHN BUMIpIB
cranoButh — 0,07 wMm. HaiiGineine  BiIXWIEHHS
TOPLIEBUX rpaHei BijI MepHEeHANKYJISPHOCTI,
posramoBaHux 1o ocsx X, Y, y Mojerni, HaApyKOBaHii
Ha BJIACHOPYY po3po0iieHOMY NpHHTepi, cTaHoBUTSH 0,1
MM. Haiibinpiie BiAXWJICHHS  TOPLEBUX TpaHeH,
po3TamoBaHuX 1o ocsx X, Y, BiJ MepHeHIUKYJISIPHOCTI
y Mozieni, HafpykoBaHii Ha Tevo, nopisHioe 0,15 mMm.

KeanimeTpis Ta 3abe3neyYyeHHs SIKOCTi
TakpuMm 4uMHOM, It OILHKKH To4yHOoCcTi 3D-
MIPUHTEPIB PEKOMEHI0BAHO BHUKOPHUCTOBYBATH

KOMIUIeKCHI nepesipku 3riguo 3 JJCTY ISO 230-2 2016
[1] Ta ISO 230-4:2022 [6]. Cranmapt [1] mo3Bomsie
BHU3HAYUTH TOYHICTH 1 TOBTOPIOBAHICTH MO3UIIIIOBAHHSI
Mo BCcbOMy pobOouoMy o00’emy 3D-mpuHTEepiB 3a
JIOTIOMOT'OX0 JIa3ePHOTO iHTepdepomeTpa.

BnpoBamxkeHHs  €IMHOI METOJUKHU  JI03BOJISIE
MOPIBHIOBATH ~ XapaKTEPUCTHKHU TPHHTEPIB  Pi3HUX
BUPOOHHMKIB Ha OCHOBI KUIBKICHHX IapaMeTpiB IO,
0Ee3yMOBHO,  CIpUSATHME  IIOJANBIIOMY  PO3BHTKY
aJINTUBHUX TEXHOJOTH Ta IX 3acTOCYBaHHIO Y
npomucioBocti. lle  Takok Hamae  MOXIJIHUBICTH
MPOBOIUTH OOTPYHTOBAaHWH BHOIp MoOAeTl NpUHTEpa
MpU ONTHMI3aIll pilleHb 0araThO0X KOHCTPYKTOPCHKHUX
Ta TEXHOJIOTIYHMX 3a1a4.
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Manufacturing parts accuracy evaluation of using 3D printing technology
Nebrat V.V., Klyuchnyk I.lv., Galkin P.V., Romanchuk V.S., Kliuchnyk I.Ig.

Abstract

The accuracy of a 3D printer was analyzed in accordance with ISO 230-2:2005. This standard provides norms
and guidelines for testing, including the evaluation of the accuracy and repeatability of 3D printer axis positioning
through direct incremental measurements of individual axes. The testing methods are applicable to both linear and
rotational axes. These tests can be used for typical, acceptance, comparative, periodic accuracy confirmations, and
accuracy adjustments of the 3D printer, among other purposes. The testing methodology involves repeated
measurements at each position. Based on the conducted analysis, the relevant testing parameters were determined
and calculated, with their errors assessed in accordance with ISO/TR 230-9. Parts were manufactured on a custom-
developed 3D printer using the Tevo Tarantula model as a baseline. Subsequent control of the geometric dimensions
of these parts allowed for an evaluation of the accuracy of products produced using 3D printing technology.

Key words: 3D printing, 3D printer, axis positioning measurement, deviation calculation, accuracy evaluation
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