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Abstract

The controversy over estimates of measurement uncertainty in the Guide to the Expression of Uncertainty in Measure-
ment and Supplement 1 to it is considered. It is shown that possible ways to overcome these disagreements are to use the
methods developed by the authors. Using the example of resistance calibration on a direct current, the features of taking into
account the distribution of input values in the procedure for uncertainty evaluation when using the kurtosis method and low
of propagation of expanded uncertainty are shown. A model of direct measurement of the resistance value of a resistance
measure using a reference ohmmeter is written, the procedures for measurement uncertainty evaluation are described, and
the uncertainty budgets are given. An example of measurement uncertainty evaluation at calibrating a resistance box P33
class 0.2 using a Fluke 8508 A digital multimeter is described. The expanded uncertainty of measurement for this example
was estimated based on the NIST Uncertainty Machine web application, which showed good agreement with the estimates

obtained by the methods considered.
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Introduction

The measurement uncertainty evaluation in ac-
credited testing and calibration laboratories is regulated
by the international standard ISO 17025:2017 [1]. At
the same time [1] prescribes to use the Guide on the
expression of uncertainty in measurement (GUM) [2]
as a normative document. However, the use of the
GUM is associated with a number of disadvantages,
the main of which is the independence of the obtained
expanded uncertainty estimates from the probability
distribution functions (PDF) of the input values and
the presence of a bias in the numerical values of the
measured value and its standard and expanded uncer-
tainties under nonlinear model equations. That is why
the Working Group 1 (WG-1) of the Joint Commit-
tee for Guides in Metrology (JCGM) has developed
Appendix 1 to the GUM based on the Monte Carlo
method (MCM) [3], which eliminates these disad-
vantages. However, it should be noted that even with
linear model equations and Gaussian distributions of
input values, the uncertainty estimates obtained using
[2] and [3] differ from each other [4]. The reason for
this is the different approaches to evaluation the cha-
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racteristics of type A uncertainty in both documents
[4]. Therefore, when developing procedures for uncer-
tainty evaluation, it is advisable to rely on approaches
that lead to results consistent with the results obtained
by the Monte Carlo method. Such approaches are de-
scribed in the Guide [5], as well as in articles [6—7].
The Guide [5] does not contain examples of the use of
the proposed approaches. Compensate for this gap, this
article discusses the features of taking into account the
PDF of input values when evaluating the uncertainty
of measurements using the example of the resistance
box calibration.

Basic theoretical relations

Calibration of resistance box is, as well as their
verification [8], created in one of two ways: by the
method of element-by-element or complete calibration.
The method of element-by-element calibration consists
in the separate determination of the resistances of all
stages of the box decades. By the method of complete
calibration, the actual values of the resistances of each
decade are determined for all indications (or the smal-
lest) indications of all other decades.
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Fig. 1. Scheme of direct measurement with a reference ohmmeter
of the value reproduced by the calibrated resistance box

The DC resistance box calibration scheme carried
out by direct measurement of the value reproduced
by the resistance box with a reference ohmmeter, is
shown in Fig. 1.

In this case, the model equation has the form:

R =R +g, +R0A,, (1)

where R — quantity reproduced by the resistance box;
R — quantity measured with a reference ohmmeter;
g — correction for random variability of readings of a
reference ohmmeter; R, — nominal resistance of the
resistance box at the calibrated point; a — tempera-
ture coefficient of resistance of the resistance measure
(resistance box); A, — correction for the error of tem-
perature measuring of resistance box.

The value R, is determined from the results of
repeated measurements R with a reference ohmmeter:

R=13r,. @)
niz

A normal distribution law with zero mathematical
expectation is assigned to the correction ¢_for random
variability of the readings of the reference ohmmeter.
A uniform distribution law with zero mathematical
expectation is assigned to the correction A, for the
error in temperature measuring of resistance box.

Therefore, the measured value of the resistance of
the box will be equal to:

R =R. (3)

The standard measurement uncertainty at resis-
tance box calibration is determined by the formula:

u(R) = \Ju* (R +12(E,)+ R2o*>(A,),  (4)

where u(ﬁs) — standard uncertainty of resistance
measurement with an ohmmeter, expressed of the
expanded instrumental uncertainty of an ohmmeter U,
assuming a normal distribution (coverage factor k =2),
using the formula:

u(R) = lk] ; )

s

u(e,) — the standard uncertainty of the random
variability of the readings of the reference ohmmeter

is equal to [6]:
_ . s(e,) [n-1
u(gx) - \/; }’1—3, (6)

moreover, the standard deviation of the random
variability of the readings of the reference ohmmeter
s(e,) is found by the formula:

$(E,)= | —— (e, - )
n—-143

uz(ﬁ,) — standard uncertainty of the temperature set-
ting in the laboratory, expressed through its boun-
daries £0,, assuming a uniform distribution law A,
within these boundaries as follows:

- 0,
u(A,) 5
Expanded uncertainty computation

The expanded uncertainty in accordance with [5]
can be calculated in two ways: by the kurtosis method
[6] and using the law of propagation of expanded
uncertainty [7].

Kurtosis method [6] involves the calculation of
expanded uncertainty by the formula:

®)

U(R.)=kMmu(R,), 9)

where k(n) — coverage factor depending on the kurtosis
1 of the measurand PDF.

For a confidence level of 0.95:
0.1085-n° +0.1-n+1.96
1.96 ’
where the kurtosis of the measurand is calculated by
the formula:

n — nsu4(Rs) +nz,u4 (Es) +ntR:(x4u4 (At)

u*(R,)
in which the kurtosis of the input quantities are
taken in accordance with their PDF’s and are equal,

k(n)={ (10)

, (1D

respectively, n =0; n, =L5; n,=-1.2.
: P

The uncertainty budget for this case is shown in
Table 1.

The law_of propagation of expanded uncertaint
[7] assumes a separate calculation of expanded
uncertainty for non-random (basic) U, and random
U, input values, followed by their combination by the
formula:

U=\U2+U2.

The expanded uncertainty U, is calculated by the
kurtosis method using the formulas:

(12)

Uy =k(My)uy(R,); (13)

k(n,)=0.1085-13 +0.1-1, +1.96, (14)

moreover, the process of the main components of the
measurand is calculated as
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Table 1

Measurement uncertainty budget at resistance box calibrating when implementing the kurtosis method

Input Values Standard Kurtosis Sensitivit Uncertaint
put of input uncertainty of input of input iy Aty
quantities . » o coefficient contributions
quantities quantities quantities
R, R u(R) n, 1 u(R,)
€, 0 u(g,) N, 1 u(g,)
t 0 M(At) nl Roa OCROu(Az)
Measurand Stapdard Measurand Coverage Expanded
Measurand uncertainty of the . .
value measurand kurtosis factor uncertainty
R, R, u(R,) n k(m) U(R,)
The resulting value of the coverage factor allows
“(R)+mRlau* (A . .
N = A (R)+nRya ’), (15) you to determine the kurtosis of the measurand by

uy(R.)

where u, (ﬁc) — basic (excluding random corrections)
standard uncertainty of the measurand:

uy(R) =\’ (R)+ R’ (A,).  (16)
The expanded uncertainty U, is calculated by the

formula:
R 0.95;(n—1) \/; >
where s(ge,) is calculated by the formula (7),
a 150ty — Student’s coefficient for the probability
of 0.95 and the number of degrees of freedom n— 1.
After calculating the total expanded uncertainty
U, the combined standard uncertainty is determined
by the formula (4), followed by the calculation of the
coverage factor by the formula:

U
u(R)

A7)

k:

(18)

the formula:

N=17.071-k —81.944-k* +132.31-k—73.109. (19)
This kurtosis can be used for further measurement
uncertainty evaluates, in which the value of the
resistance box ﬁc will be the input value.
The uncertainty budget for this case is shown in
Table 2.

Example.

Let’s consider the calibration of a resistance box
type P33 class 0.2 having a range from 0.1 to 99999.9Q,
using a working standard — a Fluke 8508 A digital
multimeter, using the complete calibration method at
the 9 kQ point. Temperature coefficient of resistance of
a measure of resistance, oo =10 K. The error limits
for measuring the temperature of the measure are
0.5 °C.

Table 2

Measurement uncertainty budget at resistance box calibrating when implementing the law of propagation
of expanded uncertainty

Values Standard Kurtosis o .
Input . . . . Sensitivity Uncertainty
o of input uncertainty of input of input . o
quantities .. i, - coefficient contributions
quantities quantities quantities
R, R, u(R,) n, 1 u(R))
A, 0 u(A,) n, R0 aRu(A,)
Measurand Standard Measurand Coverage Expanded
Measurand uncertainty of . .
value kurtosis factor uncertainty
measurand
Ss 0 M(ES) - - UR (Es)
_ ug(R,) N5 k(M) U(R,)
RC RC -~
u(R) n k(m) U(R.)
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The expanded uncertainty of the multimeter in
the resistance measurement mode in this point is
2.2%X107 kQ.

The standard uncertainty of measuring resistance
with an ohmmeter is calculated by formula (5) and is
1.1x107 kQ.

The results of 6-fold measurement of the resistance
of the resistance box at the point 9kQ are given in
Table 3.

Table 3
The results of measuring the resistance of the box, kQ2
9.00075 9.00074 9.00073
9.00073 9.00074 9.00075

Using the formula (2), we calculate the estimate
of the resistance measurement result Rs = 9.00074 k<.
The standard deviation of the variation of the readings
of the reference ohmmeter s(g), calculated by the
formula (7), was 8.94x10-°kQ. The standard uncertainty
of the variation of the readings of the reference
ohmmeter u(€,), calculated by the formula (6),
was 4.71x10°kQ. The standard uncertainty of
measuring the temperature of the measure, calculated
by formula (8), is u(A,)=0.289 °C.

The budget of the measurement uncertainty when
calibrating the resistance box when implementing the
method of excesses is presented in Table 4.

The uncertainty budget of the measurement at
calibrating the resistance box when implementing the
law of propagation of expanded uncertainty is presented
in Table 5. It contains expanded uncertainties U, U,
and U,, which are calculated by formulas (12), (13)
and (17), respectively. In it, after calculating the
combined expanded uncertainty U, the combined
standard uncertainty was determined by the formula
(4), followed by the calculation of the coverage factor
by the formula (18). The resulting value of the coverage
factor 1.809 made it possible to determine the kurtosis
of the measured value using the formula (19):

n=17.071-1.809° —81.944-1.809° +
+132.31-1.809—73.109 = —0.816.

According to the results of Table 4, the Monte
Carlo simulation of the considered measurements was
carried out using the program [9], as a result of which
the following results were obtained: RC =9.00074 kQ;
u(R.)=0.0000286 kQ; k=1.8; U=0.00005 k2 (Fig. 2).
Thus, the relative deviation of the obtained estimate
of the expanded uncertainty from the results obtained
by both methods proposed in [5] does not exceed 4%.

Table 4
Uncertainty budget at resistance box calibrating when implementing the kurtosis method
Input Vqlues Stgndard . Kufcosm Sensitivity Uncertainty
o of input uncertainty of input of input . a .
quantities o » o coefficient contributions, kQ
quantities quantities quantities
R, 9.00074 kQ 0.000011 kQ 0 1 0.000011
€, 0kQ 4.714x10°kQ 6 1 4.714x10¢
At 0°C 0.289 °C -1.2 0.00009 kQ/K 0.00002601
Measurand Stan(.iard Measurand Coverage Expanded
Measurand uncertainty of . .
value kurtosis factor uncertainty
measurand
R 9.00074 kQ 0.0000286 kQ -0.816 1.82 0.000052 kQ
Table 5

Measurement uncertainty budget at resistance box calibrating the when implementing the law
of propagation of expanded uncertainty

Input Vglues Standard uncertainty Ku.rtos1s Sensitivity Uncertainty
o of input . o of input . a0
quantities o of input quantities o coefficient contributions, kQ
quantities quantities
R, 9.00074 kQ 0.000011 kQ 0 1 0.000011
A, 0°C 0.289 °C -1.2 0.00009 kQ/K 0.00002601
Measurand Standard uncertainty Measurand Coverage Expanded
Measurand . .
value of measurand kurtosis factor uncertainty
€, 0 0.00000471 kQ - - 0.0000094 kQ
0.00002824 kQ -0.863 1.804 0.0000509 kQ
R, 9.00074 kQ
0,00002863 kQ -0.816 1.809 0.0000519 kQ
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Fig. 2. Monte Carlo Method Simulation Results

Conclusions

1. At uncertainty evaluation in calibration labora-
tories, the Guide to the Expression of Uncertainty in
Measurement and the Supplement 1 to it based on the
Monte Carlo method are used, which give different
values of the uncertainty for linear model equations
and Gaussian distributions of the input quantities.

2. In order to eliminate discrepancies in uncertain-
ty estimates, it is proposed to use the kurtosis method
and the law of propagation of expanded uncertainty,
developed at the NSC “Institute of Metrology”.

3. The procedures for uncertainty evaluation at
DC resistance box calibrating are considered, uncer-
tainty budgets are compiled, which can serve as a basis
for creating software for automating the evaluation of
measurement uncertainty during calibration.

4. Investigation of the uncertainty of measure-
ments carried out during the verification of the P33
resistance box using a digital multimeter Fluke 8508 A
showed good agreement of the results obtained with
the expanded uncertainty estimates received by the
Monte Carlo method.

YpaxyBaHHS PO3NOJALIIB BXiJHUX BEJUYHUH Y IPOLEIYPi
OIIIHIOBAHHSI HEBM3HAYEHOCTI BUMIPIOBAHb HA NMPHUKJIAII
KAJIIOpYBaHHS MarasuHy OINOpY

.M. 3axapos™?, O.A. boutopa?, B.C. CemeHixiH', B.[l. PoMeHK0?
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AHoTauis

Po3misiHyTo OCHOBHI HemoJliKM BUKOpUCTaHHA HacTtaHoBM 3 MogaHHS HEBU3HAYEHOCTI BUMIPIOBAHHS: HE3aJIEXHICTb
OJIEp>KyBaHUX OILIHOK PO3IIMPEHHSI HEBU3HAYEHOCTI Bifl 3aKOHY PO3MOIUJICHHS BXiIHMX BEJIVUYUH i HAasIBHOCTI 3MillIeHHS
YUCJIOBUX 3HAY€Hb BUMIPIOBAHOI BEJMYMHM Ta ii CTAHIAPTHOI ¥ PO3IIMPEHOI HEBU3HAYEHOCTEU MpU HEJNiHIMHUX MOIE/b-
HUX piBHSAHHSX. [Toka3aHO po30iXHOCTI B OLlIHKAaX HEBU3HAUYEHOCTI BUMipioBaHb B HacTaHOBi 3 MompaHHS HEBU3HAYEHOCTI
BuMipioBaHb Ta Jlomatky 1 mo Hboro, sikuii peajnizye Meton MonTe-Kapio, HaBiTh Mpu JiHIMHUX MOIEIBHUX PiBHSIHHSIX
i rayCiBCbKUX pO3Mojisiax BXigHUX BeJuuuH. [Toka3zaHo, 1110 MOXJIMBUMU ILISIXaMU TOIOJIAHHSI LIUX PO30iXKHOCTE € 3a-
CTOCYBaHHSI METOJY €KCLIECiB i 3aKOHY IMOILIMPEHHSI PO3IIMPEHOI HEBUM3HAYEHOCTI, po3pobieHux aBropamu. Ha mpuknanmi
KaJliOpyBaHHSI Mara3uHy OIOpPY Ha TOCTIHHOMY CTpyMi ITOKa3aHO OCOOJIMBOCTI 3aCTOCYBaHHSI LIMX METOMIB y Mpouemypi
OLIIHIOBAHHSI HEBM3HAYEHOCTI BUMipIOBaHb. 3amycaHO MOE]b MPSIMOTO BMMIpIOBAaHHSI 3HAYEHHSI OMOpPY Mipu OIOpy 3a
JIOITOMOTOI0 3pa3KOBOTO OMMeETpa, OIMKMCaHi IMPOIeIypyd OLIHIOBAHHS HEBU3HAYEHOCTI BUMipIOBaHb, HABOMSTHCSI OIOIKETH
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HEBU3HAYEHOCTI UIST KOKHOTO i3 MeTomiB. OmrcaHo MpUKJIaA OLiHIOBAHHS HEBM3HAYEHOCTI BUMIipIOBaHb MPU KaliOpyBaHHI
marasuHy onopiB P33 kiacy 0,2 3a moromoroio mudposoro myiabtumerpa Fluke 8508 A. MonenioBaHHsI MeTogoM MoHTe-
Kapio npoaeMoHCTpyBasio XOpolluid 30ir MOoro pe3yabTaTiB 3 OLiHKAMKU PO3LIMPEHOI HEBM3HAUYEHOCTI, SIKi OyJu OTpuMMaHi
PO3IJISHYTUMU METOJAMU.

KiouoBi ciioBa: kaniOpyBaHHSI; MarasuH OIOpY; pO3LIMpeHa HEBU3HAYEHICTh; METOJ €KClIeCiB; 3aKOH MOIIUPEeHHS
PO3ILIMPEHOT HEBU3HAYEHOCTI; OIOJIKET HEBU3HAUYEHOCTI.

Yuer pacnpeesieHHii BXOAHbIX BEJIMYMH B Ipoleaype
OIICHUBAHMSA HEONpeIeJeHHOCTH M3MEPEeHUI HAa Mpumepe
KAJIMOPOBKM MAarasuHa CONPOTHBJICHUS

.M. 3axapos’?, O.A. boutopa?, B.C. CemeHuxmH', B.[l. DomeHKo?

! HayuoHanbHbIl Hay4HbIl ueHmp “UHemumym mempornoeuu”, yn. MupoHocuykas, 42, 61002, Xapbkos, YkpauHa
2 Xapbkoeckull HauuoHasbHbIl yHUsepcumem paduoanekmpoHuku, np. Hayku, 14, 61166, Xapbkos, YkpauHa
newzip@ukr.net

AHHOTAIMS

PaccMoTpeHbl pa3HoOIJIacusi B OLIEHKAX HEOIPeNeJeHHOCTH M3MepeHUii B PyKOBOACTBe MO BbIpAaXEHUIO HeEOIpele-
JeHHOCTH u3MepeHuil u JlomonHenuun 1 x Hemy. ITokasaHO, YTO BO3MOXHBIMU IIYTSIMU IIPEOMOJIEHMS 3TUX Pa3HOIIACHIA
SIBJISIETCS] TIPUMEHEHUE METO/a SKCIIECCOB M 3aKOHA PACIpOCTpaHEeHMs PacIIMPeHHON HeOoNpeaeeHHOCTH, pa3paboTaHHbIX
apropamu. Ha mpumepe KanmOpoOBKM MarasvHa COIPOTUBIIEHMS Ha ITOCTOSIHHOM TOKE ITOKA3aHbI OCOOEHHOCTH IPUMEHE-
HUU 3TUX TIOIXOIOB B TPOIENype OLIEHWBaHUs HEONpPEeAeeHHOCTH M3MEpeHUi. 3aIcaHa MOIeIb IPSIMOTO M3MEepPEeHUs
3HAYEHMSI COIPOTUBJICHUS MEPhI COIPOTHUBICHHUS C ITOMOIIBIO 00Pa3OBOrO0 OMMETpPA, OIMCAHBI MPOLEAYPhl OLIEHMBAHUS
HEOIPeIeICHHOCTH W3MEPEeHUI, TIPUBOISATCS OIOKEThl HEOINPEeNeTeHHOCTH [UISl KaXnoro u3 meromoB. OmucaH IpuMep
OLICHMBAHMSI HEOIPEACJIeHHOCTH M3MEpPEeHMil MpU KaJlMOpoBKe MarasuHa compotuBieHuii P33 kmacca 0,2 ¢ momoIibio
uudposoro myaprtumerpa Fluke 8508 A. IlpousBenaeHa oleHKa pacHIMPEeHHONW HEOMpPENeJeHHOCTH M3MEPEHUU ISl 3TOro
npuMepa Ha ocHoBe BeO-tmipuiioxkeHust NIST Uncertainty Machine, koTopasi rmokasajia Xopolliee COBMajJeHHe C OLIEHKaMU,
MOJYYeHHBIMM PACCMOTPEHHBIMU METOJAMU.

Kiouessie ciioBa: KEU'[I/I6pOBKa; MarasmH COIIPOTUBIJICHUA, paClIMPEHHAad HEOIPEIACIICHHOCTb, METO/J 3KCIHECCOB, 3aKOH

pacrpoCcTpaHeHUsT PACIIMPEHHON HEONpeaeJeHHOCTH; OIOIKET HEOMPeaeIeHHOCTH.
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