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Abstract

The procedure for measurement uncertainty evaluation at micrometer calibration by the kurtosis method is considered. An expression
for the shift of the micrometer readings from the length of the reference gage block is recorded. The measurement model takes into account
the corrections for the micrometer resolution to be calibrated, the absence of flatness and deviation from parallelism of its measuring
surfaces, as well as for the temperature difference between the gage block and the micrometer. The input quantities and their standard
uncertainties are evaluated. The calculation of the combined standard and expanded uncertainties when calibrating the micrometer is
performed, taking into account the kurtosis of the input quantities for the number of measurements more than five. When evaluating
expanded uncertainty with a small number of measurements, it is proposed to use the law of propagation of expanded uncertainty. An
uncertainty budgets have been drawn up, which can serve as a basis for creating a software tool that facilitates routine calculations.
The proposed procedures were validated by the Monte Carlo method, which showed that they are likely for an intended use.
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Introduction

The micrometer is a universal measuring instrument
that is used to measure the geometric parameters of an
object with high accuracy. Like any measuring instrument,
a micrometer needs in periodic calibration. In laboratories
accredited to compliance the requirements of the
ISO/IEC 17025:2017 standard, it is necessary to have a
calibration method with a procedure for the measurement
uncertainty evaluating. A feature of this procedure is the
presence of the expanded uncertainty evaluation operation.
The most reliable way to estimate expanded uncertainty is
the Monte Carlo method (MCM), which, in contrast to the
GUM [1], takes into account the laws of distribution of
input quantities. The estimates of measurement uncertainty
obtained using the MCM correspond to Bayesian estimates
and differ numerically from the estimates obtained using
the GUM approach. However, the direct use of MCM for
measurement uncertainty evaluation in testing and
calibration laboratories accredited for compliance with the
requirements of the ISO/ IEC 17025:2017 standard is
hampered by the following factors: lack of specialized
certified software for estimating measurement uncertainty
based on MCM; the impossibility of the existing programs
implementing MCM to receive the full budget of the
measurement uncertainty; impossibility of documenting a
step-by-step procedure for measurement uncertainty
evaluation based on MCM.

This article describes a procedure for the
measurement uncertainty evaluation at micrometer
calibration, based on the kurtosis method and the law of
propagation of expanded uncertainty, which make it
possible to obtain estimates of the numerical values and the
uncertainties of the measurement result close to the
estimates obtained using MCM.

Theoretical justification

Measurement model substantiation

The measured value at micrometer calibrating a is the
deviation of its readings 1. from the length I, of the

reference gauge block (RGB):

A=(l.+g, +A, +A, +Apr)—(lS +g)+alA, (1)
where g, is the correction for random variation of the
micrometer readings; A, is the correction, taking into
account the resolution of the calibrated micrometer; A,
A, are the corrections for non-flatness and non-

parallelism of the measuring surfaces of the micrometer,
respectively; ¢_ is the correction for random variation in

S

the length of the RGB during its periodic calibrations; A,

is a correction that takes into account the temperature
difference between the RGB and the micrometer to be
calibrated; o is the average coefficient of thermal
expansion of the materials of the micrometer and RGB.

Input quantities evaluation

Evaluation of multiple micrometer readings |, is the
arithmetic mean of the results of multiple measurements
I

ck
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Ic = _zlcr (2)
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where n_ is the number of multiple measurements during

calibration.
The evaluated values of all corrections, due to the
symmetry of their boundaries, are taken to be zero: &, =0;

A,=0; Ay=0; A, =0; &=0; A, =0. The estimate of the

length of the RGB |

calibration.

An_estimate of the measurand is obtained by
substituting the values of the input quantities into equation
(1), thus obtaining:

is taken from the last certificate of its

S

A=l -1, (3)
Evaluation of standard uncertainties of input

quantities
The standard uncertainty of the random variation of




the micrometer readings will be determined by the formula

[3]:

U(50)=\/ (= Z(c,—c - (4)

The standard uncertalnty of the correction, which
takes into account the resolution of the calibrated
micrometer, is expressed through the division value of its
vernier scale d on assuming a uniform law of distribution
of the reading error as:

d

= ()
23
The standard uncertainties of the corrections A, A,

for non-flatness and non-parallelism of the measuring
surfaces of a micrometer are determined based on the
assumptions of a uniform distribution law of these

corrections within the limits of their variability [ 0,6, |,

[_Gpr . epr

u(a,)=

U(Aﬂ):e_\/g (6)
u(A )—e‘” (7)
pr _\/5'

The standard uncertainty of the length of the RGB
during its calibration is found by the formula:

~ U
u(ly) =—, 8
()= (8)
where U_, k, are the expanded instrumental uncertainty

and the coverage factor from the RGB calibration
certificate, respectively.

The standard uncertainty is a correction for the
random variation in the length of the RGB u(g,) calculate

based on information about the length of the RGB |, for
its periodic calibrations as

- 1
6= (g

The standard uncertainty of the correction A, taking
into account the temperature difference between the RGB
and the calibrated micrometer, is determined based on the
assumption of a uniform distribution law of this correction
within the limits of its variability [-6,;6,]:
91
5

Calculation of the standard uncertainty of the
measurand (combined standard uncertainty)

The estimation of the standard uncertainty of the
measurand is carried out in accordance with the law of
propagation of uncertainty, taking into account the absence
of correlation between the estimates of the input quantities:

U(A) = [uz(gc) +u2(£c)+u2(£fl)+u2(£pr) +

+u? (1) +u?(8,) + 2L (A)®

nS

Isr _E)Z . (9)

u(,) = (10)

(11)

Evaluation of expanded uncertainty

Evaluation _of expanded uncertainty by the
kurtosis method

The expanded uncertainty will be estimated by the
kurtosis method [4] according to the formula:

U =ku(A),

(12)
where the coverage factor k for a confidence level of 0,95

is calculated by the formula [4]:
0,1085n° +0,1n+1,96, when n < 0;

Ko.5 . 33—:-211| when 120, (13)
at that n is the kurtosis of distribution of the measured
quantity, defined as:
n=[n(eu’ E) +n(Au* () + (A )u*(Ag) + (A, U’ (A,) +

(i ut () +nleut €) +n(A)a Tl A)1/u' (@A), (14)
where the values of the kurtosis of the input quantitiesn(e,)
n(A.), n(A,), n(a,), nd). nle). n(4,) are taken

from the Table 1 in accordance with the probability
distribution function (PDF) attributed to them.

Table 1
Kurtosis values for different pdf of input quantities
PDF |Arcsine [Uniform|Triangular|Gaussian F-pdf
with v *
Kurtosis| -15 | -1,2 -0,6 0 6/(v-4)
* v is the number degrees of freedom.
Obviously n(e.) =6/(n,=5), n(&,)=n(A,)=n(A,) =

=n(A,)=-1,2; n(e,) =6/(n,—5). In addition, for k =2
(for the Gaussian PDF) n(l,) =0.

The deviation of the expanded uncertainty estimates
obtained by the kurtosis method from the estimates
obtained using the MCM does not exceed does not exceed
2,5%.

Uncertainty budget

All information about the input and measured values
obtained above are summarized in Table 2, which is the
uncertainty budget.

Uncertainty  budget presents the standard
uncertainties of the input quantities calculated by formulas
(4)-(112), the kurtosis of the input quantities, the sensitivity
coefficients, the contributions of the uncertainty of the
input quantities to the measured quantity, as well as
information on measurand: its value, standard uncertainty,
kurtosis, coverage factor and expanded uncertainty.

It is convenient to use the uncertainty budget as a
basis for building a software tool for automating the
process of measurement uncertainty evaluation.

EXAMPLE 1
10 measurements were made during the calibration of
the first-class micrometer MK-25 at the point 15,36 mm.
The measurement results are shown in Table 3.




Uncertainty budget for micrometer calibration based on the kurtosis method

Table 2

Input Estimate of input | Standard uncertainty Kurtosis Sensitivity Uncertainty
quantity quantity of input quantity | of input quantity coefficient contribution
l, T - - - -
& 0 u(z,) 6/(n. —5) 1 u(z,)
A, 0 u(a,) 1,2 1 -u(a,)
A 0 u(A,) 1,2 1 —u(A,)
A, 0 u(a,) 1,2 1 u(a,)
l, I, u(l,) 0 -1 -u(l,)
85 0 u(gs) 6/(”5 _5) '1 _u(gs)
. 0 u(a,) -1,2 al, alu(A,)
Estimate of Combined standard Kurtosis of Coverage Expanded
Measurand . :
measurand uncertainty measurand factor uncertainty
A A u(A) n k U
Table 3 Table 4
The measuring results of the RGB length RGB calibration results
Measurement Calibration | RGB length deviation from the
Measured value, .
number mm year nominal value, um
2015 0,36
1 15,359 2016 0,34
2 15,359 2017 0,35
3 15,359 2018 0,35
4 15,358 2019 0,34
5 15,359 2020 0,36
6 15,358
7 15,359 For this type of micrometer d = 1 um, 0, =0,6 um;
8 15,359 _ . — 5 0. — 6 -1
9 15.359 Op,— 1,5 um; 6,=2°; a=11,510° K*. From RGB
10 15,359 certificate: U, = 0,02 um and k= 2.

The actual values of the RGB with a nominal value
of 15,36 mm, obtained from the results of its calibration
for 6 years, are given in Table 4.

Based on this information of these measurements,

an uncertainty budget was drawn up (Table 5).

Table 5

Example of uncertainty Budget for Micrometer Calibration based on the kurtosis method

Input Estimate of [Standard uncertainty Kurtosis Sensitivity Uncertainty
quantity input quantity | of input quantity |of input quantity coefficient contribution, um
I, 15,3588 mm - — — —
€, 0mm 0,151 pum 1,2 1 0,151
A, 0mm 0,289 um -1,2 1 0,289
Ay 0 mm 0,866 um -1,2 1 0,866
A, 0 mm 0,346 um -1,2 1 0,346
I, 15,36035 mm 0,01 um 0 -1 -0,01
€, 0mm 0,1155 pm 6 -1 -0,1155
A, 0°C 1,155°C -1,2 0,177 um/°C 0,204
Measurand Estimate of | Combined §tandard Kurtosis of Coverage Expanc_ied
measurand uncertainty measurand factor uncertainty
A -0,00155 mm 1,009 um -0,68 1,86 1,88 um




Simulation of these measurements by the MCM
using the program [7] made it possible to obtain the

following results: A= 0,00155 mm; u(A)= 1,01 pm;
k=1,85: U = 1,87 um (Fig. 1).
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Fig.1. The results of modeling MCM of Example 1
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Evaluation of expanded uncertainty based on the
law of propagation of expanded uncertainty

It is known that the kurtosis method is applicable
for the number of repeated measurements of input
quantities more than 5 [4]. More universal, but less
accurate, is the law of propagation of expanded
uncertainty [6], which can be used to calculate expanded
uncertainty when the number of repeated measurements
is greater than 3.

The expression for calculating the expanded uncertainty
for a probability of 0,95 in this case has the form [6]:

U =~/U§+U§ : (15)

where U, (y), Ug.(y) are estimates of the basic

expanded uncertainty and random expanded uncertainty
of the measurand, respectively.
The estimate of the basic expanded uncertainty is
calculated by the formula:
Ug =kg -Ug (), (16)
where ug (A) is the main (excluding random corrections)
standard uncertainty of the measurand:

Up (B) = U7 (A,) +U* (B, ) + U7 (A,,) +U* (1)) + o1 (4,) ; (17)

kg is the coverage factor, calculated by the kurtosis

method according to the formula (13).
Here m, is the kurtosis of the distribution of the

composition of the basic input quantities of the
measurand, equal to:

Me =[M(A)U* (A) +n(Au*(Ag) +n(A, U (A,) +
nu’ () +n@)e U (A)]/uz (8, (18)
where g (%) is the kurtosis of distribution of the basic
i-th input quantity.
Expanded uncertainty of random corrections for
n, >4 is calculated by the formula:

_ 2 nc -3 2(= 2 ns -3 22
Ug = Jt(O,QS;vC) ﬁu (Sc)+t(0,95;vs) EU (g5) (19)

where t, ., Is the t-coefficient for the probability 0,95

and the number of degrees of freedom v, =n, —1.

In this case, the combined standard uncertainty of
random corrections is found by the formula:

U (6) = JUPB) +U°E,) (20)

and the coverage factor for the expanded uncertainty of
random corrections will be:

n-3 ,, . n-3 , .
kR=UR/\/n° _1u2(80)+n5 _luz(as) ,

then the equivalent number of degrees of freedom is
found by the formula [7]:

1)

1 1,96
Voo = | —————
“0,822( k, —1,96
The standard uncertainty of the measured quantity
is determined by the formula:

+ 0,87] . (22)

u(A) = ,jug(A) +UZ (), (23)
and the coverage factor is calculated as:
k=U/u(y) (24)

The deviation of the expanded uncertainty
estimates obtained by this method from the estimates
obtained using the MCM does not exceed + 4,5%.

When implementing the law of propagation of
expanded uncertainty, it is necessary to draw up two
uncertainty budgets: for the basic components (Table 6)
and for random corrections (Table 7).

Table 6

Uncertainty budget for basic components in micrometer calibration

Input Estimate of | Standard uncertainty of Kurtosis of Sensitivity Uncertainty
quantity input quantity input quantity input quantity coefficient contribution
I, I - - - -
A, 0 u(A,) 1,2 1 ~u(T,)
Ayq 0 u(A,) -1,2 1 —u(A,)
Apr 0 U(Apr) '1,2 1 u(Apr)
l, I, u(a,) 0 1 ~u(A,)
A, 0 u(a,) 1,2 al, alu(a,)
Estimate of Combined standard . Coverage Basic expanded
Measurand - Kurtosis of measurand -
measurand uncertainty factor uncertainty
A A Ug (A) n k U,




Uncertainty budget for random corrections at micrometer calibration

Table 7

Input Estimate of | Standard uncertainty | Number degrees Sensitivity Expanded uncertainty
quantity |input quantity| of input quantity of freedom coefficient contribution
€ 0 u(e,) Ve 1 U, ()
€ 0 u(e;) v, -1 SING)
Estimate of | Combined standard |Equivalent number Coverage Random expanded
Measurand . !
measurand uncertainty degrees of freedom factor uncertainty
g 0 u(e) Veg ke U,
EXAMPLE 2 E|e:5iu“;:) =-0.00155 mm; = 1.04 um; = 1.85; = 1.93 um
5 measurements were made during the calibration g-2)
of the micrometer MK-25 at the point 15,36 mm il
(measured values 1-5 in Table 3). The actual values of 2]
the RGB with a nominal value of 15,36 mm, obtained 2
from the results of its calibration for 4 years, are shown g >
(values of 2017-2020, Table 4). 5 2
Based on the results of these measurements, an = _
uncertainty budget was drawn up for the main g =
components (Table 8) and for random corrections (Table :g S

9) to implement the law of expanded uncertainty

propagation.

50

According to the results of Tables 8, 9 the

characteristics of the measured value are calculated:
A =-0,00155 mm; u(A) =1,037 um; K =1,859; U =1,93 pm.

The MCM modeling of these measurements using
the program [5] made it possible to obtain the following
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Fig.1. The results of modeling
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MCM of Example 2

Table 8

Example of uncertainty budget for basic components in micrometer calibration

Input Estimate of input | Standard uncertainty of|  Kurtosis of Sensitivity Uncertainty
quantity quantity input quantity input quantity coefficient contribution
I, 15,3588 mm - - - -
A, 0 MM 0,289 MkM -1,2 1 0,289
Ay 0 MM 0,866 MKM -1,2 1 0,866
A, 0 MM 0,346 MKkM -1,2 1 0,346
I 15,36035 mm 0,01 MM 0 -1 -0,01
A, 0°C 1,155°C -1,2 0,177 um/°C 0,204
Estimate of Combined standard Kurtosis of Coverage Expanded
Measurand . -
measurand uncertainty measurand factor uncertainty
A -0,00155 mm 0,9975 MM -0,71 1,85 1,846 Mxm
Table 9
Example of uncertainty budget for random corrections at micrometer calibration
Input Estimate of | Standard uncertainty | Number degrees Sensitivity Expanded uncertainty
quantity input quantity |  of input quantity of freedom coefficient contribution, pm
€, 0 mm 0,2828 pum 4 1 0,5553
€, 0 mm 0,0141 um 3 -1 -0,0260
Estimate of | Combined standard | Equivalent number Coverage Random expanded
Measurand . .
measurand uncertainty degrees of freedom factor uncertainty
0 mm 0,2829 mcm 3,98 2,78 0.5554 MM




CONCLUSIONS

1. The procedure for the measurement uncertainty
evaluation at micrometer calibration with the expanded
uncertainty evaluation by the kurtosis method is
presented. The procedure is suitable for the number of
multiple measurements >6 and symmetric distribution
laws of the input quantities.

2. The procedure for measurement uncertainty
evaluation at micrometer calibration with the number of

multiple measurements >4 is presented. In this case, the
estimation of expanded uncertainty was carried out in
accordance with the law of propagation of expanded
uncertainty.

3. Examples of the implementation of the developed
procedures and their modeling by the Monte Carlo
method, which showed good agreement of the results, are
considered.

AHoTauis

PosrmstHyTO Mpouenypy OLIHIOBAaHHS HEBM3HAYEHOCTI BUMIPIOBAHb MiJ Yac KaliOpyBaHHS MIKpOMeTpa. 3alMCaHO BHPa3 JULL
BIIXMJICHD TIOKa3aHb MIKpPOMETpa Bill JOBKHHH €TAIOHHOI KiHIIEBOi Mipu. Mozenb BIMIpIOBAaHHS BPaXOBY€E IOMPABKHU HA PO3ALIBHY
371aTHICTh MIKPOMETPA, 10 KaiOpyeThes, BiACYTHICTD IUIOMMHHOCTI 1 BIAXWICHHS Bijl TAPAIEIBHOCTI HOrO BUMIPIOBAIBHIX OBEPXOHB,
a TaKOXK Ha PI3HUIIO TEMIIepaTyp MK €TaJIOHHOIO KiHIIEBOIO Mipolo i MikpomerpoM. ONiHIOIOTECS BXiJHI BEIMYUHH 1 TX CTaHIapTHI
HEBH3HAYECHOCTI. BUKOHY€ETBCSI pO3paxyHOK CyMapHOi CTaHAAapTHOI i PO3IIMPEHOI HeBU3HAYEHOCTeH U KaniOpyBaHHS MIKpOMETpa, 3
ypaxyBaHHSM €KCIIECiB BXiTHHUX BEJIMYHMH JUIS Y¥C/Ia BUMIPIOBaHb OumbIe 11'sTh. [Ipy oniHIOBaHHI po3IIMpeHoi HEBH3HAYEHOCTI IIPH
MaJIOMy YHCIi BUMIPIOBaHb MPOIIOHYETHCS BUKOPHCTOBYBATH 3aKOH IOIIMPEHHs PO3IIMpPEHO] HeBH3HaueHOCTi. CKiIaieHO OIomKeTH
HEBU3HAYCHOCTI, SIKI MOXYTh CIIyTYBaTH OCHOBOIO /I CTBOPEHHS MPOTrPaMHUX 3aco0i, SIKi IMOJETIIYIOTh PYTHHHI OOYHCIICHHS.
3ampornoHoBaHa Tporenypa Oyia BajigoBaHa MeTonoM Monte-Kapio, skuii mokasas, 0 BOHA HiOXOAUTH IS MependadyBaHOTO
BHKOPUCTAHHS.

KarwuoBi ciaoBa: kamiOpyBaHHS; MIKpOMETp; HCBH3HAYCHICTh BHMIPIOBaHb; METOJl CKCIICCIB; 3aKOH PO3IOBCIOIKCHHS
PO3MIMPEHOT HEBU3HAYCHOCTI

AHHOTALIHS

Paccmotpena mpotiemypa OLeHNBAHUS HEOTIPEIEICHHOCTH H3MEPEHUH NPH KaTHOPOBKE MUKPOMETpa. 3alMCaHO BBIPAKEHUE TS
OTKJIOHEHUH TOKa3aHMM MUKPOMETpa OT JUIMHBI 3TAJOHHON KOHIIEBOM Mephl UIMHBL. Mojenb U3MEpEeHHs] YUUTHIBAET MONPAaBKU Ha
paspeleHre KaImOpyeMoro MHKPOMETpa, OTCYTCTBHE IUIOCKOCTHOCTH M OTKJIOHEHHE OT MapajuIeNbHOCTU €r0 HU3MEPUTEIBHBIX
MOBEPXHOCTEH, a TAakoKe HA PA3HUILY TEMIIEPATypP MEKLY H3MEPHTEIbHBIM OJIOKOM M OTKAIMOPOBAHHBIM MUKPOMETPOM. OLEHHBAIOTCS
BXOJIHBIC BEIUYMHBI U MX CTaHJApTHHIC HEOIpENCICHHOCTH. BhIIoNmHsAeTCS pacueT CyMMapHOH CTaHIapTHOM M pacUIMpeHHOM
HEOTPeIeTICHHOCTEeH NPH KATMOPOBKE MUKPOMETPA, C YIETOM SKCLIECCOB BXOIHBIX BEJIMYMH IS YHCIIa M3MepeHni Oobre msry. [Ipu
OLICHMBAaHUM PACIIIPEHHON HEONPEASNICHHOCTU MIPU MaJloM 4YHUCiIe U3MEPeHUN MpeasaraeTcsl UCIONb30BaTh 3aKOH PaclpOCTPaHeHUs.
pacimpeHHoi HeonpeneneHHOCTU. COCTaBleH OFOKET HEONpPEeNeNIeHHOCTH, KOTOPBII MOXET CIyXUTb OCHOBOW IS CO3JaHUS
MPOTPAMMHOTO CPEJICTBA, OONErvaroIero pyTHHHBIE BeaucHeHus. [IpennoxenHas nponenypa Oblia BaMapoBaHa MeTogoM MoHTe-

Kapito, koTOpHIif MOKa3ai, YTO OHA MOAXOIUT JUTS MPETIOIAaraéMoro UCTIOTB30BAHMSI.

KitioueBble cj10Ba: MUKpPOMETP, KalHOPOBKA, METOJ 3KCIIECCOB, 3aKOH PACIPOCTPAHEHHUS PACIIMPEHHOIN HEONpe/IeNeHHOCTH.

Meroa Monre-Kapiio.
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