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Abstract. Calibration of measuring instruments is a critical aspect of ensuring the accuracy, reliability, and
standardization of quality and safety assessments in grain laboratories. Precise measurements are essential for
evaluating key agricultural product parameters, including moisture content, protein concentration, and
contaminant levels, which directly influence market value, food safety, and regulatory compliance. Regular
calibration of laboratory equipment is mandated by ISO/IEC 17025:2017, which establishes general requirements
for the competence of testing and calibration laboratories. This standard ensures measurement traceability,
harmonization with international benchmarks, and reproducibility of analytical results. However, frequent
calibration procedures present a significant financial burden for laboratories, particularly those operating under
budget constraints. The challenge lies in balancing the need for rigorous quality control with cost-effective
calibration management.

This study explores the optimization of intercalibration intervals by leveraging mathematical modelling,
specifically the application of control charts and statistical regression techniques. The research analyzes
calibration data from two categories of instruments: simple measuring devices, represented by glass hygrometers
(229 calibration certificates), and complex precision equipment, exemplified by automatic pipettes (79 calibration
certificates). A comparative assessment of eight mathematical models, including linear, quadratic, cubic, and
exponential regression functions, was conducted to determine the most suitable approach for approximating error
progression over time. The findings indicate that while linear regression models provide robust and interpretable
predictions for simple instruments, nonlinear models, particularly cubic regression, demonstrated superior
predictive accuracy for complex equipment, explaining up to 94—-96% of the variance in calibration errors.

However, while nonlinear models offer enhanced precision in tracking measurement deviations, they
necessitate larger datasets to mitigate the risk of overfitting and erroneous extrapolations. The study underscores
the importance of selecting appropriate statistical modelling techniques tailored to the specific characteristics of
the instrument being calibrated. By integrating data-driven approaches, laboratories can establish optimal
calibration intervals, thereby enhancing measurement reliability while reducing unnecessary calibration costs.
The proposed methodology provides a framework for achieving a balance between accuracy, compliance, and
economic feasibility in laboratory calibration management.

Key words: calibration intervals; mathematical modeling; grain laboratories; instrument accuracy; nonlinear
regression.

Introduction

Calibration of measuring equipment and devices is an important component of the functioning of grain
laboratories aimed at determining quality and safety indicators of grain and oil crops in global food supply chain.
This procedure is designed to ensure traceability and correctness of measurements, which in turn builds
international trust in the results of laboratory activities [1].

The need for regular and systematic calibrations is regulated by such a fundamental normative document as
ISO/IEC 17025:2017 and is gaining more and more importance with the strengthening of consumer requirements
and the growth of the level of Ukraine's integration into the European Union [2]. However, the calibration of the
entire range of measuring instruments, which is necessary to meet the modern needs of laboratory research of
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agricultural raw materials and products, is an expensive process. These financial costs inevitably affect the cost of
laboratory analysis, which emphasizes the need for a well-founded establishment of an intercalibration interval,
which will implement a balance between the correctness of the measurement and the economic feasibility of its
implementation.

Currently, there are many approaches to determining intercalibration intervals, characterized by varying
degrees of complexity and detail. Among the most common approaches, ILAC—G24:2007 defines a method for
automatic regulation, control charts and in-service verification. However, none of them is universal and has both
advantages and disadvantages.

The most well-founded among these approaches is the method of control charts. This method is based on the
placement of data on the dynamics of calibration results on a graph, followed by the calculation of the dispersion
and average drift for one intercalibration period - instrumental drift [3]. Possibilities of its use in combination with
mathematical modelling tools make it possible to consider statistical data and trends. Thus, forming a conclusion
about the need to shorten or lengthen the intercalibration interval based on regression forecasting with an
established level of confidence can be an effective tool for solving the stated problem.

The study of the prospects of using a mathematical model as a foundation for forecasting the time of the need
for recalibration was studied by both foreign [4, 5] and national scientists [6, 7]. However, all these studies used a
simple linear model, which can significantly limit the scope of the approach and lead to unreliable results in the
case of nonlinear error dynamics. These risks can have significant consequences within the scope of conducting
laboratory research on the quality and safety indicators of grain and oil crops.

The purpose of this study was to study the effect of approximation on the effectiveness of using the control
chart method.

Materials and methods

The choice of equipment for evaluating factors that can influence the formation of a mathematical model was
formed using risk analysis. The analysis process was implemented using the root cause method, in accordance
with IEC 31010:2019. The approach considered such factors as the technical complexity of the equipment, the
spread of use in analytical methods, and the contribution to the uncertainty of the measurement results. According
to the results of the analysis, the category of "simple" and "complex" equipment is separated. Equipment that is
methodologically limited in use, consists of a relatively small number of components, contains a scale that directly
measures a certain value is classified as simple.

According to the formed categorization, automatic pipettes were chosen as a sample of the model of
"complex" equipment, and glass hygrometers of constant mass were selected as a "simple" one. To conduct the
research, statistical data was used, represented by certificates of calibration of the ZVT.

The selection of automatic pipettes is represented by 44 devices that included 11 measuring ranges from 1 to
10 thousand pl. Each measuring range was calibrated at the lowest, middle, and highest level forming a coverage
of 12 unique calibration points. In total, the study analysed 229 calibration certificates covering 106 individual
calibration points and containing data on 539 errors. The data used was accumulated during the period from 4 to
7 years of operation of the devices.

The selection of hygrometers is represented by 16 devices, which included four measurement ranges of
700-1120, 1180-1300, 1360-1660, 17201840 kg/m3. Each measuring range was calibrated over the entire
interval in steps of 10 kg/m3, forming a coverage of 100 unique calibration points. In total, the study analysed 79
calibration certificates covering 111 individual calibration points and containing data on 548 errors. The data used
were accumulated during a period of 4 to 5 years of operation of the devices.

All calibration results, which were analysed in the research process, underwent a verification procedure
considering the uncertainty of calibration, according to the recommendations of ILAC G8:09/2019. In the
verification process, the compliance of the calibration results with the requirements established by the device
manufacturer according to the device range and a specific calibration point within this range is determined.

The method of estimating the inter-calibration interval was based on the analysis of errors obtained because
of calibrations carried out by the accredited service provider LLC "Metrology Service" and SE
"Ukrmetrteststandard". The stability of the error over time was analysed from the side of drift and prediction of
the probable time of its destabilization, using eight mathematical models [8]: linear, quadratic, cubic, power, ab-
exponential, logarithmic, hyperbolic, exponential. Thus, the time, expressed in years, during which a chain of
calibrations was carried out with a periodicity of once a year, was established as an independent variable. The error
specified in the relevant certificates provided by the accredited calibration service provider was set as an
independent variable.

Modelling efficiency was assessed by interpreting coefficient of determination and standard error of
regression.

The coefficient of determination was calculated according to the formula (1):
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where: R’ — is the coefficient of determination;
x; — independent variable;
y; — dependent variable;
n —is the sample size.

The standard error of the regression was calculated according to the formula (2):
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where: A — is the standard error of the regression;
y; — 1s the dependent variable;
¥i —1s an experimental indicator integrated into the model.

The calculation of the term of the next calibration was determined by solving the equation corresponding to
the following formula (3), considering the recommendations of the Department of Physiology and Medicine. n.,
head department, IPK DUITZ Kotsyuba A.M. [2-4]:
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where: Reg — is a regression model, based on the example of linear regression;

xo — 1s the sought variable;

bo— intercept;

b; —slope;

t — Student's coefficient at n-2;

Std — standard error;

x; — individual calibration results at a certain level of measurement;

yi —1s the result of solving the regression equation using xi as x0,

no — the number of calibration certificates taken for analysis;

ng; — the largest individual serial number of the calibration certificate starting from 0;
no.ave— 18 the average value of serial numbers of calibration certificates;

D —is a specification assigned to the result of a measurement made at a certain level.

= 1D 3)

Results of the study and their discussion

In accordance with the established criteria for evaluating the quality of the mathematical model, two metrics
were analysed, including indicators of coefficients of determination and relative standard errors of regression.
Given the limited amount of data, the median was chosen as the main measure of central tendency of both metadata
and simulation results.

It should also be noted that the dynamics of the analytical data used in this research, in almost half of the
cases, did not make it possible to form a power, exponential, and ab-exponential approximation. However, the
obtained variants of these models were added to the analytical spectrum.

Descriptive statistics of the coefficients of determination of eight mathematical models of the dynamics of
calibration results are presented in Table 1.

Table 1 — Descriptive statistics of coefficients of determination of various models
of error dynamics of hygrometers and automatic pipettes

Hygrometers

Model A B C D E F G H
Number of models 111 111 110 55 56 111 110 56
Minimum 0.00 0.02 0.43 0.01 0.00 0.00 0.00 0.00
Maximum 1.00 1.00 1.00 0.90 0.90 0.93 0.97 0.90
Average 0.30 0.55 0.92 0.29 0.27 0.32 0.36 0.27
Median 0.21 0.54 0.96 0.22 0.23 0.23 0.27 0.23
Spread 1.00 0.98 0.57 0.89 0.90 0.93 0.97 0.90
Standard deviation 0.27 0.32 0.10 0.24 0.24 0.28 0.29 0.24
Automatic pipettes
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Model A B C D E F G H

Number of models 106 106 106 11 11 106 106 12

Minimum 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Maximum 0.99 1.00 1.00 0.91 0.69 0.98 0.96 0.69
Average 0.30 0.57 0.81 0.29 0.26 0.34 0.36 0.24
Median 0.23 0.59 0.94 0.20 0.19 0.29 0.32 0.18
Spread 0.99 0.99 0.99 0.91 0.69 0.98 0.96 0.69
Standard deviation 0.29 0.33 0.25 0.30 0.25 0.30 0.31 0.25

A - linear, B - quadratic, C - cubic, D - power, E - ab-exponential, F - logarithmic, G - hyperbolic, H -
exponential.

According to the obtained data, the spread of the median coefficients of determination of eight mathematical
models used to approximate the results of hygrometer calibration was equal to 0.75. The maximum indicator was
0.96 for the cubic model, and the minimum was 0.21 for the linear model. The cubic model also had the lowest
standard deviation of the coefficient of determination, which was 0.10. In general, the value of the standard
deviation of the coefficient of determination of the approximation of "simple" equipment was in the range of 0.1-
0.32.

The median spread of the coefficient of determination of the approximation of automatic pipette calibration
results was 0.76. The maximum indicator was 0.94 for the cubic model, and the minimum was 0.18 for the
exponential model. The indicator of the minimum standard deviation of the coefficient of determination was equal
to 0.25 and belonged to the cubic model. In general, the value of the standard deviation of the coefficient of
determination of the approximation of "complex" equipment was in the range of 0.25-0.33.

The results indicate a high potential for the application of the cubic model, both in the case of "simple" and
"complex" equipment. Cubic approximation can explain 94-96% of the variance of the calibration results during
the operation of the device. The general distribution of coefficients of determination did not differ significantly
between equipment categories.

Descriptive statistics of the relative standard errors of the regression of eight mathematical models of the
dynamics of calibration results are presented in Table 2.

Table 2 — Descriptive statistics of relative standard errors of regression (%) of different models of
error dynamics of hygrometers and automatic pipettes

Hygrometers

Model

Number of models 108 108 107 55 56 108 107 56
Minimum 0.15 0.00 0.00 0.22 (0.19 ]0.22 0.21 0.00
Maximum 726.08 699.45 188.03 49.04 [37.16 |698.30 653.82 37.16
Average 20.93 18.02 6.14 6.70 |6.47 |20.10 18.82 6.40
Median 4.93 3.44 1.10 4.14 1439 |4.55 421 4.39
Spread 725.93 699.45 188.03 48.82 [36.97 |698.07 653.61 37.16
Standard deviation 73.79 70.64 20.63 8.58 |7.34 ]70.82 66.47 7.38
Automatic pipettes

Model

Number of models

Minimum 5.50 0.65 0.00 0.00 | 0.00 | 5.56 5.41 0.00
Maximum 6363.57 | 333490 | 1218.19 | 64.11 | 82.47 | 6709.15 | 6642.14 | 82.47
Average 198.43 142.34 69.19 28.62 | 32.91 | 200.33 198.38 30.17
Median 82.17 60.06 26.49 29.33 | 30.08 | 79.22 80.47 27.89
Spread 6358.07 | 3334.24 | 1218.19 | 64.11 | 82.47 | 6703.58 | 6636.72 | 82.47
Standard deviation 684.66 377.72 158.23 19.92 | 25.08 | 717.11 706.08 25.73

A — linear, B — quadratic, C — cubic, D — power, E — ab-exponential, F — logarithmic, G — hyperbolic,
H — exponential.

According to the obtained data, the median scatter of the relative regression errors used to approximate the
results of hygrometer calibration was equal to 3.83%. The maximum indicator was 4.93% for the linear model,
and the minimum was 1.10% for the linear model.

The spread of median relative errors of approximation of automatic pipette calibration results was 55.69%.
The maximum indicator was equal to 82.17% in the case of the linear model, and the minimum — 26.49% for the
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cubic model. The obtained values demonstrate a much lower accuracy of modelling in the case of approximation
of "complex" equipment.

Empirical data show the ratio of the median relative error of modelling "simple" and "complex" equipment as
1:17 at the minimum and 1:24 at the maximum levels. This demonstrates a rather small difference in reliability
between all analysed mathematical models with respect to "simple" equipment. At the same time, the reliability of
modelling by all approximation variants significantly deteriorates in terms of "complexity". This conclusion is
confirmed by the standard deviation of modelling errors, which took the values of 7.34-73.79 for approximations
of "simple" equipment, and 19.92-717.11 for "complex" ones.

For both categories of equipment, the least reliable modelling option was found to be the linear model, which
had the lowest determination index and the lowest error index. The greatest prospects of use are demonstrated for
the use of the cubic model.

To evaluate the influence of the model on the calculation of the intercalibration interval, using the established
method, an analysis of the results of the integration of the obtained linear and cubic regression equations was
carried out.

To identify the possible occurrence of erroneous data, calculations were performed at two levels of
significance, which included p=0.95 and p=0.99. The results of the solution were evaluated in three ways.

— the model was considered workable if there was a solution p=0.95 > p=0.99;
— the model was considered incorrect in the case of p=0.95 < p=0.99;

— the model was considered unworkable in the absence of a solution.

The results of the analysis are presented in Table 3.

Table 3 — Results of the assessment of the influence of the use of linear and
cubic mathematical models on the calculation of intercalibration intervals

Hygrometers . Linear model . Cubic model
Quantity Percent Quantity Percent
Working model 104 93.69 35 31.53
Incorrect model 4 3.6 74 66.67
Not working model 3 2.7 2 1.8
Total number 111 111
Automatic pipettes . Linear model . Cubic model
Quantity Percent Quantity Percent
Working model 62 58.49 60 56.6
Incorrect model 7 6.6 44 1.51
Not working model 37 34.91 2 1.89
Total number 106 106

According to the obtained data, despite the higher quality statistical data that highlighted the potential of using
the cubic model, for "simple" equipment, the use of the linear model was more effective. Replacing linear
regression with cubic led to a threefold decrease in predictability with the formation of a significant number of
false results. Considering the equivalence of the number of unworkable equations, which ranged from 1.8 to 2.7%,
this effect is most likely caused by the lack of data for effective training of the cubic model. However, given the
difference between the standard error of linear and cubic regression, which were 4.93% and 1.10%, respectively,
the linear model can be used to reasonably calculate the intercalibration interval of "simple" equipment.

Replacing linear regression with cubic led to an almost two-fold increase in performance, which, however,
was accompanied by a six-fold increase in the number of false positives, which is also likely due to the limitation
of the analytical sample. However, given the significant difference between the regression standard errors in
complex equipment, which was 82.17% and 26.49% for linear and cubic regression, respectively, the use of the
linear model in the case of "complex" equipment is significantly limited.

Given the industry risks inherent in the food and feed industry, we do not consider it appropriate to use a linear
model to calculate the inter-calibration intervals of critically important "complex" equipment, which may include
such categories of equipment as automatic pipettes, scales, and thermal equipment.

Conclusions. The application of mathematical models for calculating the interval between the calibration of
measuring equipment is an important direction in the field of ensuring the reliability of the results of laboratory
research on the quality and safety indicators of grain and oil crops.

Linear regression proves to be the most successful option for modelling the error dynamics of "simple"
equipment, despite the relatively low coefficient of determination and relatively high values of standard errors.
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This type of regression, however, may not be applicable to "complex" equipment with high variance and erratic
trends in calibration results.

Within the framework of the conducted research, the cubic model was found to be the most effective
approximation method for "complex" equipment. Nevertheless, when estimating the intercalibration interval for
this type of equipment, it is necessary to conduct a preliminary analysis to determine the optimal form of
approximation.

It should be considered that nonlinear approximations may be inefficient or unsuitable for extremely limited
input data, which is often encountered in practice. However, with proper accounting of risk factors, the cubic model
can be a reliable method of estimating the intercalibration interval.

Thus, the application of mathematical models for calculating the interval between calibrations is promising
but requires a careful analysis of the characteristics of the measuring equipment and the selection of an adequate
type of approximation. It is also important to consider the limitations associated with the amount of available data
to increase the reliability of the results.
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BUKOPUCTAHHA MATEMATUYHOI'O MOIAEJIIOBAHHSA J1JIA
BCTAHOBJIEHHA MIZKKAJIIBPYBAJIBHOI'O IHTEPBAJIY 3ACOBIB
BUMIPIOBAJIbHOI TEXHIKH, 11O BUKOPUCTOBY €ThC A1
AHAJIT3Y ITOKA3HUKIB SAKOCTI TA BE3IIEYHOCTI 3BEPHOBHUX
TA OJIIMHUX KYJIbTYP

B. /KykoB, acnipant, A. MakapuHCcbKa. I0K. TeXH. HayK, npodecop
Opechknii HalioHATBLHUI TeXHOJIOTiYHMIA YHiBepcuTeT, M.Ofeca, Ykpaina

Anomauia. Kaniopyeanns eumipio8anvHux npuiadié¢ € KpUmuyHO GAMCIUGUM dACNeKmom 3abe3nedeHHs
mouHocmi, HadiuHocmi ma cmanoapmusayii oyiHKu Axocmi ma bOe3nexu 8 3epHosux nabopamopisx. Touwi
BUMIPIOBAHHS HEOOXIOHT O/ OYIHKU KIFOUOBUX NAPAMEMPIE CLIbCbKO20CH00apCcbKoi npoO0yKYii, GKI0Ua0UU Micm
607102U, KOHYeHmpayito OLIKa ma pieHi 3a0pyOoHI08ayis, AKi b6e3nocepedHbo GNIUBAIOMb HA PUHKOBY 8APMICHb,
be3neyHicms  Xapuosux nPoOYyKmMie I BIONOBIOHICb HOPMAMuGHUM eumozam. Pezynsapre kanibpysanws
aabopamopHozo obnaouanus nepeobauerno cmanoapmom ISO/IEC 17025:2017, akuii 6cmaHo8m0€ 3a2aibHi
suMo2u 00 KOMNEmeHMHOCMI 8UnpoOy8anbHuX I KanibpysanvHux nabopamopii. Lleti cmanoapm 3abes3neuye
NPOCMENCYBAHICMb  BUMIPIOBAHb, 2APMOHI3AYII0 3 MINCHAPOOHUMU CMAHOApMAMU md Bi0MEOPIEAHICb
ananimuynux pezyromamis. OOHax uacmi npoyedypu KaniopyeanHs CMAaHO8IAMs 3HAUYHUL iHancosul maeap O
aabopamopiil, 0codIU60 Mux, Ki NPAYIMb 8 yMo8ax 0rdxcemuux oomedicets. [Ipobnema nonseae 6 momy, ujoo
3banancyeamu nompeody 8 cy8opomy KOHMPOL AIKOCHI 3 eKOHOMIUHO eeKMUBHUM YRPABIIHHAM KANIOPYBAHHSM.
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Y yvomy oocnioowcenni docnioocyemvcs onmumizayis MidCKaniopayittHux iHMepeaie uLisaxom UKOPUCTAHHSL
MAMeMamuyH020 MOOEI0BAHHS, 30KDEMA 3aCMOCY8AHHS KOHMPOJIbHUX Kapm [ Memooie Crmamucmu4Hol pespecii.
YV Oocniooicenni ananizyromoca 0awui KaniopysawHs 080X KaAmMe2opill IHCMPYMeHmMI6: NPOCMUX GUMIPHOGAILHUX
npucmpois, npeocmasieHux CKIAHuMu 2iepomempamu (229 cepmucghikamie Kanibpysanws), i CKIAOHO2O
npeyusitiHo2o0 0OIAOHAHHS, NPUKIAOOM SKUX € asmomamuuni ninemku (79 cepmugixamis Kaniopyeanwsi).
THopisusnvua oyinka 60CLMU MAMEMAMUYHUX MOOeNell, 6KAUAYY IHIUHY, Keaopamuuny, KyOiuHy ma
EeKCNOHeHYIaNbHY pecpecCilini QyHKyil, 6yna nposedena 0N SUHAUEHHS HAUOLIbUL NPUUHAMHO20 NiOX00y OIS
anpoxkcumayii npozpecii nomuaxu 3 yacom. Ompumani pe3yibmamu noKasyomv, ujo 6 Mol 4ac ik MOOei NiHIUHOT
peepecii 3abe3neyyioms HAOIUHI Ma IHMEPNPEMOBari NPOSHO3U OJisl NPOCMUX NPULAOLE, HENIHINHI MOOeL, 30Kpema
KyOiuna pespecis, npooemMoHCmpy6aiu UCOKY MOYHICIb NPOSHO3YEAHHS 01l CKIAOHO20 00IAOHANHS, NOSACHIOIOYU
00 94-96% sioxunenv y ROMUIKAX KATIOPYBAHHSL.

OO0Hak, He38axcaioyu HA me, WO HEeNIHIUHI MOOeNi NPONOHYIOMb NIOSUULEHY TMOYHICIb Y GIOCENCEHHI
BIOXUIEHb GUMIDIOBAHDL, BOHU BUMALAIOMb OLIbUUX HADOPI6 OAHUX, WOD 3MEHUUMU PUSUK NepeoOlaOHan s mda
NOMUIKOBUX — excmpanoisyiu.  J{ocniodcenns niOKpecuoe  6axciugicms  eubopy  6ION0GIOHUX  Memoois
CMAMUCMUYH020 MOOENIO8AHHS, A0ANMOBAHUX 00 KOHKPEMHUX XApAKMepucmuk npuiady, wo Kaiiopyemuvcs.
3aeosaxu inmeepayii nioxooie, KepoBAHUX OAHUMU, 1AOOPAMOPII MOJCYMb ECMAHOGIIOEAMU  ONMUMANbHI
iHmMepeanu Kaniopysants, mum Camum niO8UWYIOUU HAOIUHICMb GUMIPIOBAHb I OOHOYACHO 3HUNCYIOYU HeNOMPIOHI
sumpamu Ha KaaiiopyeanHs. 3anponoHo8aHa memooonocisa 3abe3neuye OCHO8y Ol OOCACHEHHs OANAHCY MIdC
MOYHICMIO, BIONOBIOHICIIO MA eKOHOMIYHOI OOYIIbHICMIO 8 YNPAGIIHHI 1A00PAMOPHUM KALOPYSAHHSM.

KurouoBi ciioBa: MixkkaniOpyBasibHI iHTEpBAIN; MaTeMaTHYHE MOJICIIOBAHHS; 36PHOBI J1a00paTopii; TOUHICTh
npuiiaay; HeliHidHa perpecis.
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