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Abstract

Metrological traceability is a property of the measurement result and requires an established multi-level calibration
hierarchy. The metrological traceability chain is established through the calibration hierarchy and is used to establish the
metrological traceability of the measurement result. Approaches to the establishment of metrological traceability chains are
based mainly on graphic images.

Special international guidelines and European recommendations on the measurement uncertainty are used to evaluate the
measurement uncertainty during the calibration of measuring instruments. The measurement uncertainty necessarily increases
along the calibration sequence and is different for different levels of the metrological traceability chain. The measurement
uncertainty depends on measurement standards or measuring instruments used during calibration.

A mathematical model of the metrological traceability chain for different levels of the calibration hierarchy is proposed.
This model includes, as components, such basic metrological characteristics for a certain level of the chain as the measurement
range, measurement uncertainty, measuring instrument or measurement standard. As additional parameters for the metrolo-
gical traceability chain, it is proposed to use data from the calibration certificate of the corresponding measuring instru-
ment or measurement standard used at a certain level of the chain.

Recommendations regarding practical application of the developed mathematical model of the metrological traceability
chain, which can be used for chains of any measurements, are proposed. They can be used to establish the required
metrological characteristics for a certain level of the metrological traceability chain. Such a model and recommendations

for its practical application can be used in national metrology institutes and calibration laboratories.
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1. Introduction

According to the International Vocabulary of Me-
trology, the metrological traceability (MT) is a pro-
perty of a measurement result whereby the result
can be related to a reference through a documented
unbroken chain of calibrations, each contributing to
the measurement uncertainty (MU). MT requires an es-
tablished calibration hierarchy, which is a sequence
of calibrations from a reference to the final measu-
ring instruments (MIs) or measurement standards,
where the result of each calibration depends on the
result of the previous calibration [1].

The MU necessarily increases along the sequence
of calibrations. The international Guide to the Ex-
pression of Uncertainty in Measurement [2] and
special European recommendation for Evaluation of
the Uncertainty of Measurement in Calibration [3]
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are used to evaluate the MU during the calibration
of MIs.

Depending on measuring standards or MlIs used
during calibration, the level of MU is determined,
which is different for different MT levels [4]. The MT
chain is established through the calibration hierarchy
and is used to establish the MT of a measurement
result. Approaches to the establishment of MP chains
are based mainly on graphical representations [5, 6].

International Laboratory Accreditation Coopera-
tion (ILAC) attaches great importance to MT for
accredited laboratories in the framework of Mutual
Recognition Arrangement [7]. ILAC has a special
Policy on Traceability of Measurement Results and
Policy for Measurement Uncertainty in Calibra-
tion [8, 9]. For accreditation of calibration laborato-
ries, the MT is the basis for establishing global MT.
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In [10], the application of systems thinking for
the establishment of MT chains is proposed, which
is based on graphical representations of MT chains.
In [11], the mathematical model of the system-oriented
MIs is proposed. In [12], the mathematical model
of the system of assessing the quality of the indicators
of MIs is proposed. These two approaches can serve
as the basis for mathematical modelling of MT chains.

2. The statement of the problem, purpose and objectives
of the study

The purpose of the paper is to highlight the results
of practical application of mathematical modelling
of MT chains, in particular:

* to develop a mathematical model of MT
chains based on the selected multiple mathematical
approach;

* to define the principles for determining the
required components of MT chains of different levels;

* to propose approaches for practical application
of the model to ensure reliability of calibration results,
and to reduce resource costs and time for calibra-
tions.

3. Defining the principles for construction of the mathe-
matical model of metrological traceability chains

The MT chains are characterized by a number
of properties that are based on certain metrological
characteristics (MCs) of measurement standards or
measuring instruments. These MCs generally include
the measurement range (MR) of a specific quantity
and the MU of this quantity. The properties of the
MT chain at different levels of the calibration hierarchy
are different. They depend on MCs of the calibrated
measurement standards or MIs.

The generalized metrological traceability chain is
shown in Fig.1. A solid line with an arrow (1) indicates
the direction of the MT chain. Dashed lines show
the direction of the increasing MU (2), MR (3) and
calibration hierarchy (4).

A
Uncertainty 1 |4 Measurand 1 [— Measuring
T ; standard 1
MU, | MRy 'ML :
! 1
i Measuring
Uncert 2 | Measurand 2 [
neeriamty standard 2
MU, i MR, L ML .
! 1
Uncertainty 3 || Measurand 3 | Mcasuring
standard 3
! 1
MU; : MR; ' ML !
| 1 5
Uncertainty # || Measurand n || Measuring
mnstrument
I

MU, f MR, ¥ M, f

1 -MT; 2 —-MU; 3 — MR; 4 — calibration hierarchy

®

Fig. 1. Generalized MT chain

For mathematical modelling, the method used
in [12] was chosen, since it is more visual than the
method used in [11], and does not require additional
graphical interpretation.

The mathematical model of the MT chain can be
summarized as follows:

f({(Par,Met),B}),f({QMR,B}),

O (O B S 10 B)

)]

where Q,,, are properties of an element of the MT
chain;

O,z 1s MR for an element of the MT chain;

O,v 1s MU of an element of the MT chain;

Q,, are properties of the MI (measurement
standard) for an element of the MT chain;

(Par, Met) are parameters and methods of mea-
surement for an element of the MT chain;
B= {bl,...,bl.,...,b‘Qk‘}is the characteristic vector of
the corresponding sets;

0, are parameters of the level of the MT chain,
k (k=(1|k|) is the level index, where |k| is the lower
level.

4. Main components of the mathematical model of the
metrological traceability chain

The mathematical model of evaluating the i-th
level of the MT chain can be given in a general form:

O = ({LCym})- )

where LC,,; is the generalized parameters of the i-th
level of the MT chain, which, in turn, is equal to:

VerQ,,;,ValQ, ..,
LC,, =
MTi f (LC LCME/’QMT“ s (3)

ParQy;
where VerQ,, is verification of MCs of the i-th level
of the MT chain;

ValQ,,r; is validation of MCs of the i-th level of
the MT chain;

LC,,r; are parameters at the i-th level of the
MT chain;

LC,, . are methods at the i-th level of the
MT chain.

Verification and validation of MCs of the i-th
level of the MT chain:

P r, M s R S
Ver,, f( a et )Vu f({Q )Ver @)
S({Qu-BY),,, -/ ({Qu-BY),,,
P M R S
Val ( ar, et )Val Q ) ' (5)
( QMU’ )Val ({QM” })Val

Methods at the i-th level of the MT chain are
determined as:
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Lc, B = MetLCQ, {,
MetQy; U{ [7}

b

(6)

where b is an index of a certain level of the MT chain.
After certain generalizations, one can get:

L, = f({MeiLC,, }).
MetLCQMn = f((VerQMTi)’(ValQMTi ))’

herewith LC,,; =, MetLC,yp =D, VerQy, =2,
ValQ,,, = 2.

(7

5. Practical aspects of mathematical modelling of
metrological traceability chains

Mathematical modelling of MT chains for
a certain level provides a required list of data for
checking and approving the parameters of the MT
level only in general. Specific analysis for the purpose
of verification should be carried out at least of three
main MCs of each level of the MT chain: MR, MU
and MIs (measurement standard). It is also necessary
to determine the calibration parameters and the
calibration method for each level of the MT chain.

To ensure such an analysis, it is advisable to
use a special table (Table 1) with specific MCs for
a certain level of the MT chain. Two sub-parameters
are used for MlIs: MR and MUs of MIs (measurement
standard).

Sub-parameters of MR and MUs of MIs
(measurement standard) in Table 1 must fully
correspond to the parameters of MR and MU for
a certain level of the MT chain. Only in this case,
it is possible to validate the considered parameters
for a certain level of the MT chain. Non-compliance
with the necessary metrological requirements of at least
one of these components leads to the impossibility
of approving such a combination of parameters for
a certain defined level of the MT chain. MR and MU
must be fully ensured by the used MIs (measurement
standard). Verification and validation of MCs must be
carried out for all used levels of the MT chain.

In addition, verification and validation of the
parameters of each level of the MT chain as well as
verification and validation of the methods that ensure
the transition from a higher level to a lower level of

the MT chain is necessary. To do this, it is necessary
to analyse the calibration methods of the used MIs
in order to validate them for a certain level of the
MT chain.

Verification and validation of the parameters of
each level of the MT chain should be carried out
according to the ILAC Guidelines G8:09 [13] and
standard ISO/IEC 17025 [14].

The ILAC Guidelines G8:09 provide an overview
for laboratories regarding the rules for decision-making
and compliance with the requirements. Since it does
not provide detailed information on the application
of basic statistics, staff in some laboratories may
need to improve their knowledge of the rules for
making risk-related decisions and associated statistics.
The document provides a specific overview of the
measurement uncertainty and risks associated with the
decision-making.

The standard ISO/TEC 17025 recognizes that no
single decision-making rule can address all statements
of conformity across the diverse scope of testing and
calibration. At the same time, the standard requires
that the laboratory has authorized personnel to
perform analyses of the results, including statements
of conformity. In addition, it specifies that the
measurement uncertainty must be expressed in the
same units as the quantity being measured.

For verification and validation of the parameters
of each level of the MT chain, the provisions of
the standard ISO 10012 [15] can also be used.
According to the standard, metrological confirmation
must be established and implemented to ensure that
metrological characteristics of the measuring equipment
satisfy metrological requirements for the measurement
process. It includes calibration of measuring
instruments and their verification. The analysis of
measurement uncertainties shall be completed before
the metrological confirmation of the measuring
equipment and validation of the measurement process.

The number of levels of the MT chain is
determined by the MU required for a particular
laboratory. This MU should be evaluated for different
levels of the MT chain using international guidelines
and regional recommendations [2, 3].

Table 1
The data for verification and approval of parameters for each level of the MT chain
MU MI (measurement standard) Calibration Calibration
Level of MT (Q,,,) | MR (Q,,.) ©.) certificate method
My MR (SQMRMI) MU (S QMUMI) (LC ParMTl_) (LC MetMTY)
First
Second
n-th
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Conclusions

A mathematical model of the metrological
traceability chain for different levels of the calibration
hierarchy is proposed. This model includes, as
components, such basic metrological characteristics
for a certain level of the chain as the measure-
ment range, measurement uncertainty, measuring
instrument or measurement standard. As additional
parameters for the metrological traceability chain,
it is proposed to use data from the calibration cer-
tificate of the corresponding measuring instrument or

measurement standard used at a certain level of the
chain.

Recommendations regarding practical application
of the developed mathematical model of the
metrological traceability chain, which can be used
for chains of any measurements, are proposed. They
can be used to establish the required metrological
characteristics for a certain level of the metrological
traceability chain. Such a model and recommendations
for its practical application can be used in national
metrology institutes and calibration laboratories.
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AHorauis

MeTpoJioriyuHa TPOCTEXKYBaHICTh € BJIACTMBICTIO pe3yJbTaTy BMMIpIOBAaHHS i BMMAara€ BCTAHOBJIEHOI OaratopiBHEBOI
iepapxii kaniOpyBaHHs. JlaHLIOI METPOJIOTiIYHOI MPOCTEXYBAHOCTI BU3HAYAETHCS Yepe3 iepapxilo KajaiOpyBaHHS Ta
BUKOPUCTOBYEThLCS [IJISI BCTAHOBJIEHHSI METPOJIOTIYHOI MPOCTEXYBAHOCTI pe3yabTaTy BUMipioBaHHs. Ilimxoau mno moOymoBu
JIAHIIOTiB METPOJIOTIYHOI MPOCTEXKYBAHOCTI 0a3yIOThCS MEPEBAXHO Ha rpadiyHUX 300paKEHHSIX.

JIns OLiHKM HeBM3HAYEHOCTI BUMIipIOBaHb IiJ Yyac KaJiOpyBaHHSI 3aCO0iB BUMipIOBaHb BUKOPUCTOBYIOThCS CHELialIbHi
MiXKHaApOJIHI HACTAaHOBU Ta €BPOIEUCHKI peKoMeHHallii 1IoA0 OILiIHKM HEeBM3HAYE€HOCTI BUMiptoBaHb. HeBM3HaueHiCThb
BUMIpIOBaHHSI OOOB’SI3KOBO 3pPOCTA€ BIIPOJOBX IMOCTIIOBHOCTI KajiOpyBaHHSI Ta € Pi3HOWO [JIs Ppi3HUX PIiBHIB JIaHLIOra
METPOJIOTIUHOI TIpocTeXyBaHOCTi. HeBHM3HayeHiCTh BUMIpIOBaHHS 3aJeXXUTh Bil BUKOPHMCTOBYBAaHMX €TaJOHIB abo
IHCTPYMEHTIB BUMIpIOBaHHS, SIKi BUKOPHUCTOBYIOTbCS Mill Yyac KaJliOpyBaHHSI.

3anpornoHOBaHO MaTeMaTUYHY MOJIEb JIAHIIOXKKA METPOJOTIYHOI IMPOCTEXXYBAaHOCTI IJI Pi3HMX pIiBHIB iepapxii
KaniobpyBaHHs. SIK KOMIIOHEHTH, 1 MOJAEJb BKJIIOYA€E TaKi OCHOBHIi METPOJIOTiUHiI XapaKTepUCTUKM JJIsI MEBHOTO DPiBHS
JIaHLIIOTa, SIK Jialma30H BUMIipIOBaHHs, TOXMOKa BUMIPIOBaHHS, 3aci0 BUMipOBaHHS ab0 eTaJloH BUMipioBaHHs. SK n1omaTkoBi
napameTpu [Jisl JIaHIIora MeTPOJIOTIYHOI MPOCTEXYBAHOCTI MPOMOHYEThCS BUKOPUCTOBYBATU HaHi i3 cepTtudikara mnpo
KaJliopyBaHHS BiIIOBiIHOTO 3aco0y BMMipIOBaHHS a00 eTajoHa, 10 BUKOPUCTOBYETHCSI Ha TMEBHOMY PiBHI JIaHLIIOTA.

3anpornoHoBaHO peKOMEeHallil 1040 MPaKTUYHOTO 3aCTOCYBaHHSI pO3po0JIeHOI MaTeMaTUYHOI MOJesi JaHLora
METPOJIOTIUYHOI TMPOCTEXKYBAHOCTI, SKY MOXe OyTH BMKOPHUCTAHO IS JIAHIIOTIB Oydb-sIKUX BMMiplOBaHb. BoHU MOXYTb
OyTM BUKOPHWCTaHI JIJIsSI BCTAHOBJICHHS HEOOXiTHUX METPOJIOTIYHMX XapaKTePUCTUK IS TIEBHOTO PiBHS JIAHITIOIa METPOJIOTIU-
HOi TpocTexyBaHocTi. Taka Mopaesb i peKoMmeHAalii 11010 ii MPakTUYHOTO 3aCTOCYBaHHSI MOXYTb OyTH 3aCTOCOBaHi
B HalliOHAJIbHUX METPOJIOTIYHUX IHCTUTYTAX i KaJaiOpyBaJbHUX J1abOpaTopisixX.

Kiiouosi ciioBa: MoneloBaHHS; METPOJIOTIUHA MTPOCTEXYBAHICTh; HEBU3HAUYEHICTh BUMIPIOBAHHSI; CTAHAAPT BUMipIOBaHHSI;
3aci0 BUMipIOBaHHS; CUCTEMHUM MiaXil.
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