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Abstract — Contributions of uncertainty budgets Additionally, uncertainty budgets of calibration
suitable for special applications of reference werq laboratories operating reference torque calibrafawilities
calibration facilities are calculated with a Mon@arlo are to be confirmed during accreditation proceskese
method implemented in a spreadsheet softwamso a deeper understanding of uncertainty caioulsifor
application. The simulations were combined witlreference torque calibration is useful.
measurements of parameters with a high number of

observations and compared with usual simplified 2 METHODS
uncertainty estimations for examples of uncertainty
contributions concerning traceability of voltagetioa Usually, uncertainty budgets are performed under

noise, resolution and position effect. The resatts more certain assumptions that allow tight and manageable
differentiated and detailed than usual GUM estiorati practices. One convenient way is, to use unceptaint
and provide deeper understanding about uncertaintglculation instructions of an existent guideline a
contributions than with GUM methods exclusively.vNe template. Especially laboratories calibrating ia fleld of
proposals for the uncertainty estimation of theneir@d transfer torque transducers according to DIN 51809
contributions are offered. might be tempted to employ the methods of this gline
for the uncertainty budget of their calibrationifiy. In
Keywords: uncertainty, GUM, Monte Carlo, torque, order to assess how far these simplified uncestaint
reference estimation (SUE) methods are useful in this conptext
examples of uncertainty contributions are compaxét
1 INTRODUCTION enhanced uncertainty estimations (EUE), which feltbe
Guide to the Expression of Uncertainty in Measuneme
When the PTB-2-kN-m reference torque calibratiofGUM) [2] much more strictly, and with uncertainty
facility was put into operation more than 15 yeag®, it calculations using the Monte Carlo method (MCM). [8]
was the first of its kind to be in service in aiomfl this comparison, the result of the MCM represetis t
metrology laboratory. Since then its best measunemesmallest possible uncertainty estimation of thedisal
capability (bmc) of 2-16 has been confirmed in severalconditions.
comparison measurements. Nevertheless, the umigrtai  With the help of the MCM, the adequate confidence
budget established when reference torque calimstiost interval can be calculated by the numerical intégraof
began no longer meets all the requirements of tedaythe relevant probability density function (PDF) dFi).
applications. Not only have a lot of investigationa The integration has to optimize the expectatioruea
specific uncertainty contributions provided moredanwhich is the middle of the confidence interval,awalue
detailed knowledge about the potentials and linoitet of which allows the smallest possible confidence iraer
reference calibration procedures, but also theireouents Because the MCM also provides the empirical stahdar
on these procedures had developed into some diviergéeviationg, the coverage factdrcan be found.
branches. Thus on the one hand key comparisons with Often, a combination of the MCM with empirical data
highest efforts to achieve the best possible measemt using a great number of observationprovides a more
uncertainty are within the scope of reference terguletailed evaluation of the uncertainty contribusion
calibration facilities at the Physikalisch-Techhiec concerned. The MCM is implemented in a spreadsheet
Bundesanstalt (PTB) and on the other hand, theee aoftware application in order to obtain both freatcol for
application-oriented measurements with specialufest manipulating the synthetic data and free accesshéo
like continuous load, releasing operation, partiaghformation about the stochastic results.
sequences, low signal saturation or prototype Bgnsi  The synthetic input data for the MCM can be germetat
chains. Therefore, more differentiated and detailedccording to the results of measurements with & hig
uncertainty budgets are requested, which should the number of observations. Hence, the standard uricsria;
opportunity to represent each of these particutacgsses the expectation valueand the probability density function
in a specific manner. Here, the uncertainty sitioe— in - (PDF) can be adjusted according to real conditidtse

particular the Monte Carlo method - can help testigate results of the simulation are thus significant feality in
guestions, which are not easily accessible by measent. return.



Often it is useful to truncate the synthetic dewvias to
an amount of £ I Wherever higher deviations would be

discarded as outliers in real measurement, thihodeis T 8000
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3.1Probability distributions Class

The GUM offers routes for the calculation of the Fig. 2: Probability distribution of the uncertairtgntribution
influence of parameters as a type B evaluation,rwhe Of a resolution of 9-IOmV/V at a signal of 1.3 mV/V with noise
statistical analysis is not accessible. Often theiae of an ©f 5-10° mV/V (blue). The red area covers the minimum
adequate probability distribution is dominated mdme confidence |r.1te.rvall of 095 The coverage factorliS0, the
principle considerations than by exact knowledge. standard deviation is 2.98-10

Here the MCM can give insights into the behaviolir o 32 U tainty of data fit
parameters even if they are correlated with others. neer a”? yo. aafl _ .
Provided that an adequate model function of theceftan The approximation of hypothetic functions to

be set up, numerical simulations with= 10° can give a Measurement data is a capable method of achieving
clear view of the probability distribution. coefficients for a certain effect. However, it is extensive

One example is the influence that finite amplifief@sk to calculate the standard uncertainties ofsethe

resolution exerts on the uncertainty of measuresadhtis ~ coefficients. In the GUM, an analytical method itgeg for
contribution is normally distributed with  usual @PProximations with linear functions. But there amme

assumptions. In MCM simulations this can be condidm reasons to depart from this method sometimes.
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and the standard deviation is found to be in tmgeaof a ~ The GUM recommendation only measures the effect of
noise level as expected; just as for the coveragmif of NOISy expectations of the input data along an edter
about 2 (Fig. 1). quantity — in other words: it only deals with thevéation

An MCM scan (Fig. 10) however unveils that undePf the data points from the linear approximationt i
certain conditions the distribution function chasigeto a ignores the influence of the variance of each ef data
kind of beta function with a coverage factor of &ufd a POINtS. o .
standard deviation six times higher than normaty.(E). Moreover, for approximations with more complex
This behaviour can be taken into account by efedctufunctions than linear ones, there is no easy analyt
estimations as shown later in this paper. Or, iifictgtr ~8CCESS.

uncertainty budgets are needed, a direct calculatioph ~Furthermore, the GUM calculation generally dealiwi
the MCM with measured input data is possible. differences between the fit and the measured dasita a
deviation to the fit. In practice, however, a fitteunction
3000 might reflect a physical effect better than the
corresponding measurement data, and therefore the
2500 measured data would bear the deviation. In thie ¢he
S approximation produces a benefit to the calculated
gzooo coefficient because of its averaging effect on tiésy
g data.
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Fig. 1: Probability distribution (blue) of the umtanty 0 0.5 1 15 2
contribution of a resolution of 8-f0mV/V at a signal of 1.3 Setting in V/V

mV/V with noise of 5-10 mV/V. The red area covers the

minimum confidence interval of 0.95. The coveragetdr is Fig. 3: Determination of a linear approximation dfe
1.97, the standard deviation is 4.94710 correction value for a BN calibrated at the natiostaindard of

voltage ratio. The data points of the calibratioa modified by
the MCM. One of 1Bsimulated approximations is shown.
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Fig. 4: Probability density function (blue) of tspe found
in the linear approximation of the traceability ibedtion on a
bridge normal using synthetic @truncated deviations of the
calibration values with normal distribution. Thedrarea covers
the minimum interval of 0.95 confidence under viéoia of the
expectation value.

An example is the traceability calibration of adye
standard (BN) which is used in the traceability inhaf
voltage ratio measurements. The relative unceytaint
of each calibration value provided by the natisstahdard
for voltage ratio is dominated by the relative taton

Wp = 1-10" of the applied voltage divisors with thebp,s = Max(Spe, S120° S240°) — Min(Sge, S1200» S240°)

dividing ratiosD; = 0.05 and, = 0.04 [4, 5]:

WgN = Wp /Z(DE + D%) ,

which leads, for the applied measuring range ofVZ2\in
to a constant uncertainty contribution afy = 5.-10°
mV/V over the range from 0.1 mV/V to 2 mV/V.

1)

A numerical simulation of the national voltage oati
standard with normal distributed noisea# 5-10° mV/V

truncated at 3 for all of the 21 calibration points leads to

a more or less different slope in each of the mbjt
combinations. In Fig. 3, this situation is illustd for one

of the 10 calculated combinations of calibration points. Aﬁhe span will leave always a systematic rest inbibeget

the end of the MCM process, the slopes are diggibas
shown in Fig. 4 and the numerical integration \settle
expanded uncertainty of the slopeligf, = 3.510° mV/V.

1.0E-04 -
8.0E-05
= \\/_singlepoint
. 6.0E-05 —W_slope
= 40605
2.0E-05 -
0.0E+00 ‘ T 7 ]
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Voltage ratio setting of BN (mV/V)

Fig. 5: Relative expanded uncertainty contributioh tbe
traceability calibration of a bridge standard usihg uncertainty
of each single-point value (blue) and using theemainty of the
linear approximation found by the MCM (red).

Using this value, the relative contribution of tB&l
traceability is less than-#0° in the range between
(0.1 ... 2) mV/V (Fig. 5), which is tolerable fdre aim of a
total expanded uncertainty ofVe =210* of the

calibration facility. If smaller voltage ratios th&®.1 mV/V
are needed, differentiated measurement uncertainty
budgets can be stated.

As depicted in Fig. 5, the estimation of the uraiety
contribution of the BN calibration on the basis exch
single calibration point would result in much highe
uncertainty restrictions of the calibration fagilit

3.3 Systematic deviations

Though in the GUM avoiding the following is
recommended, the consideration of systematic dewmt
as uncertainty contributions is widely used wher th
amount of the effect seems to be small comparetthe¢o
combined uncertainty of the complete system. Thietst
method is to correct the effect using a coefficiant to
take the uncertainty of the coefficient into acdpun
regarding the appropriate sensitivity coefficient.

Reference torque transducers are to be calibratdtei
national standard calibration facility before beirggd in a
reference calibration facility. In Germany this hasbe
performed according to the guideline DIN 51309 [1].
There, the influence of the transducer position is
determined as a spdm,s of the three positions 0°-120°-
240°:

2

Often, the uncertainty contribution of the referenc
transducer position during its use in a calibrafewility is
estimated by the amount b, There are however two
problems: Firstlybposis a contribution that consists of the
transducer sensitivity to disturbing effects likess forces
multiplied by the currently acting cross forces time
national standard facility. But this is not whatederence
transducer will experience in the reference cafibra
facility. Therefore, in the uncertainty buddets has to be
replaced by the equivalent parameter achieved tayioos
in the reference calibration facility itself.

Secondly, bpes could not consider the position effect
completely. Since the effect bases on a sinuséidation,

Since the effect is based on a sinusoidal functioe span
instrument cannot provide exact mean values ircése of
position changes of 120° and therefore always kave
systematic rest in the uncertainty budget.
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Fig. 6: Probability density function (blue) of thdeviation
due to the uncertainty of the corrective valgg,,, concerning

the position effect of a reference transducer. fBukarea covers
the minimum interval of 0.95 confidence.



The most rigorous method is to define a fixed wogki

position of the reference transducer in the refezen 1.5E-05 -
calibration facility, and to find a corrective valby from L%@_e-————e———‘—‘_‘o

the difference between the average sensitivit | ;o g5 &2< - © by
Soe120°240° Of three positions measured in the calibratior S — b
facility in question and the sensitivity related tbe E — b

; . P T £ 5.0E-06 - MCM
working positionSy- in this facility: 3 . \ e py

— — —] Pos

S=Sp+b , 3 == = -

o ) 0.0E+00 - , T becorr
bp = Sp°120°,240° — So° ) 0 0.05 0.1

Then, the residuum uncertainty of the correctior S (tpos)

u(bpcor) has to be taken into account in the uncertainty
budget. The PDF of this contribution proves to beeta Fig. 8: Extended uncertainty contribution of thesition
function (Fig. 6) which is getting sharper with desing effect obtained with different calculation metho(ise text).
uncertainty of the positioning angfgap.y. Parameters$, = 1.3 mV/V;Apes= 1-10° mV/V.

In Fig. 7, the simulated impact of the angle uraaty
of the 120°-position alterations during the deteration of While it is a great effort to determine the valufebp and
u(bp co) With a position effect amplitude dfeos= 1-10* its standard deviation by repeated measurementisrée
mV/V is shown. The influence of the angle uncetiain POsitions, an analytical approach permits easieeuainty
follows a cubic function and can be neglected ag las estimatiog:
the repeatability of the angle setup is better &4 rad « _ “Pos .
(2.3 degrees), which is a realistic request, bexanghe (bp) = 3\/5{[2 +V3][sin(8(apos))
considered facility this threshold would produce an + cos(8(apos)) |} . ®)
interval of more than 20 mm at the circumferencethef Here, only the knowledge of the amplitude and the

axis. In this way, an estimation of the neededipi@t in  angle uncertainty is necessary. In practice, witsingle
positioning the transducer was possible. What isemosequence of three positions the amplitude can tedfby
realistic is a Scenario, where the deviation dueth® f|tt|ng And the ang|e uncertainty can be deterrdirm/
reference position effect remains uncorrected ariceated mechanical investigations at the calibration setubich
as an uncertainty contribution. In Fig. 8 the exf®h can be performed much faster than multiple sequente
contribution of the uncorrected effect calculateithvthe loadings. In comparison ts this method exhibits a
MCM, U(bwvcw), is compared withJ(brod as defined in  considerably higher estimation (Fig. 8, purple Jjnaut it
[1], with U(be) and with the correction deviatidh(bp.cod  could be a helpful alternative in case of uncetjain
as a function of the positioning angle uncertaidtyar..  budgets featuring some scope.

U(bwcum) here represents the smallest uncertainty to be The correction of the position effect is a quitéeesive
expected without correction. The contribution Wfor.d  method but can reduce the contribution to the uaigy
turns out to be significantly smaller tha(bucw). It budget by about a factor 5 (Fig. 8, black line).

provides in this situation an underestimated uagest of

almost the level of the correction residulwe cor). In 3.4 Signal processing

contrast,U(bp) keeps close to the MCM reference without
falling below it. U(bp) therefore is appropriate to quantifyan
the influence of the position effect.

Signals from instruments are influenced by resotuti
d noise. The resolution can be characterizethdppan
b, and cause an equal distribution of values. Theencan
be assumed to be normally distributed; its infleeoan be

23805 1 measured by the standard deviatioS) of the mean
y = 4.32E-045 + 1.57E-05x + 2.08E-05 value othhe signal S, when averaged avebservations:
Z 22805 o(S) =2 ., ®
n
g beingR, the standard deviation of the sig&al
e 2.1E-05 - The expanded contribution to the uncertaildi4 pr.cum
> of both effects for a GUM conform estimation - withe
coverage factok=2 for a confidence level of 0.95 - is
2.0E-05 then given by:
0.00 0.02 0.04 2
5(Opos)  —— ” _ (R b, .
Fig. 7: Simulated standard uncertainty contributioe to the ~Rabr, GUM™ \/_ﬁ + 2V3

effect of the reference transducer position in tadibration Here the nois®, is a theoretical value, which can be
facility as a function of the uncertainty of the 0zosition ’

changes. The results are close to a cubic fungiien as a black indicated only for synthetic signals like in the MCIn

line. The recreation uncertainty of the marked vmgkposition ~Practical —applications, the influences of noise and
of the reference transducer was set to 0.0005mddvas= 1-10°  resolution cannot be separated. Therefore, therodde

mV/V. standard deviation of measuremeiRgqns includes the
correlation withb, too. Additionally, real measurements
are often limited by a finite number of observasioBoth



effects can be studied with the MCM and the siatibt
values ofR, onsas functions oh can be found (Fig. 9). /2

(br )2 0,15-br+5-10‘7<1\

H R H
Up=| N'2V3 = e
: 0,15-b, +5-10"
T 1.000 " \ 2b, fR > 1/
- ) a
§ 0100 7’368"‘&&3. el & &(Ra)ies To simplify the calculation and especially for lowise
s 7 ég\ ST TR o &(Ra)ies measurements, the lower term can serve as an upper
£ . B, —_fite estimation of the uncertainty contribution of regmin.
2 0010 + B o olRy Using the information of the detailed MCM
g 8”7 e investigations described above, an enhanced vedsi¢n)
o o(Raies can be expressed:
0.001 : : o _fito 2
0 50 100 150 200 VnF+1
Observations n URa,br, EUE= 2\/(Ra,obs n > + (br)z ) ©
Fig. 9: A simulated determination of the observeiaR, ops In the SUE method, not the standard deviafans

(here shortened 1) as a function of the number of observationg;sed to characterize the influence of noise, betséries
n gives the expectation value proportional nd*® and the range R,, which is defined as the span of measured
standard deviations proportional tol. The dashed lines maximur‘,n and minimum of the signal. With the help of

represent fitting functions using these proportities. The this inst ¢ timati f tainty io e )
ordinate is given as a normalized axis. Two setdath are IS Instrument, an estimation ot uncertainty 110 Wases 1S

processed WithR, = 1. 10° mV/V respectivelyR, = 1.1¢° mv/v ~ expressed:

andb, = 1-10° mV/V. Ry 2
2 th
. + O'Z(Rb), Rb > br
Furthermore, the MCM demonstrates tkat 2 is not 2v3
Ra,br, SUE= (10)

given exactly in all combinations & andb,, and that for
noise levels in the range of the resolution, theamgular by \? 5
distribution function of the combinaticzan change into a (2\@) +of(Rp) , Rosby

beta distribution, depending on the position of the An MCM analysis shows, thak, is increasing witm
resolution window relative to the expectation vatfehe but not converging (Fig 11)' while the standardiaiéon

s:cgtr;]al. This tbe_t? funCtt'(.)Q ?lves fnse t(l) gnusuﬁd&?ur of R, is roughly constant at the value of abd¥t As
of the uncertainty contribution of resolution asuaction — n,en simulations show, the expectation valueRyfcan

of resolution and noise. In normal mode, the umdety b :
) S ' e calculated approximately b
vanishes rapidly iR, decreases to values smaller thmn PP yby

(Fig. 10,C). In the case of beta distribution, thé(Rb) ~ 1+ 0.'9 ln-(n)) ‘Ra . o (l_l)
uncertainty increases in this area for decreastqgo As shown in (Fig. 11)¢ (Ry) quickly increases witim
values in the range df (Fig. 10, A). ForR, much higher 10 values five times higher thd®,. Therefore, the second
thanby, the uncertainty contribution is stable at a vaha case of (10) will only be valid for measurementthwiery

Fig. 11: MCM analysis of a signal with an expectati@lue
05 ‘%~ of 1.3mV/V, and withR, = 510° mV/V and b, = 1:10° mv/V.
Expectation values (R,) and standard uncertainty(Ry, of the
series rangeR, are shown in dependency of the number of
observations..

GUM predicts (Fig. 10, B). poor resolution or extremely low noise or both.
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Fig. 10: Simulated expanded uncertainty contributiof .
resolution at a confidence level of 0.95 as a fioncdf noise and A comparison of the MCM, the GUM, EUE and SUE

resolution. methods for a typical situation in torque calibwatiwith
b, =110°mV/V and noise between-10° mV/V and

The transition between cases A and C in is staop, 1:10° mV/V using (7), (9) and (10) is shown in Fig. 12.
the contribution ob, could be expressed in a split formula
with empirical borders:



2.0E-5 2 2
Ry + b b
- + MCM_10 2 b r Pos
e - U, = ket | +2< )+( ) , (12
ses /// GUM_10 comb, SUE eff\/ BN 2\/§ 2\/§
- e ——EUE_10 where bpos is the observable contribution of the span
T 1oes Sanai — —SUE_10 induced by the position effect discussed in 3.3cWwhis
£ i mcv 100 affected by resolution and noise effects.
5 soe ELE 100 Taking into account the conclusions of the MCM
> . _SUE_mO investigations described in this paper, an enhanced
—_ - combined uncertainty budget can be proposed
0.0E+0 5.0E-6 1.0E-5 Ucomb, EUE
Noise R, in mV/V 2 2
a INe,+ 1 b ’ (13)
Fig. 12: Combined standard uncertainty contributifRs, by = Kefr udy + 2 (Ra%> + b2 + (\/—9
a

of noiseR, and resolutior, to a signal with an expectation value . . - .
of £ = 1.3 mV/V. The results of an MCM analysis are coreda with bp being the observable deviation due to the position

with estimations according to the GUM, EUE and Std&hods effect according to (4) including influences of akgion

obtained from 100 or respectively 10 observations. and noise as well and being distributed according beta
function.
For higher numbers of observations, the SUE , 35 _
calculation is highly overestimated, which corraggi® to ‘
the intention of this tool, which is meant to beedifor - 1
type B uncertainty estimations. But at snmlthe decrease €25 -
of U with R, is too fast, so for low noise measurements £ = pa ey
SUEs could be underestimated. g 27 SUE
The GUM calculation is very close to the MCM g11.5 —— Ugue
simglation, but_th!s only works, if a prepise valkeR, is £ i 3%&# — - — B - Ueue
available. If this is not provided and in the cadelow S .
noise measurements, this calculation is in dander « 0.5 - : . Umcm
underestimation, especially if the contribution bf 0 50 100
becomes beta distributed as discussed above. Ay, in 106 mV/V — .

The EUE calculation avoids these problems, provides
\S/g?uhésngnre;::;n;?Ogutatkeuergglt;?:iCiselt#taz?sr:;nZ\gﬁghthe Fig. 13: Normalized expanded combined uncertairftyhe
LD = . . - contributions concerning traceability of voltagetioa noise,
MCM where it is necessary: in the field of high @ston resolution and position effect according to diffgr@ncertainty
measurements. Therefore, EUEs are to be prefeoed foncepts as a function of the position effect amgé
uncertainty estimations of high grade comparisaque normalized to the MCM result.
calibration facilities like those at the PTB.

In Fig. 13, these two concepts of uncertainty bislge
3.5 Coverage factor are compared with the result of the MCM as a funmctf
The calculation of a combined expanded uncertamty the position effect amplitudeAs,s using the typical
typically performed with a coverage factor of 2 @cting Parameters given in Table 1.
to a confidence level of about 0.95. This is ondymitted
if the Central Limit Theorem (CLT) is valid. To dde ~ Tab. 1: Conditions of uncertainty budget comparisbown
this question, evidence about the variance of trebined in Fig. 13. In the Iqwer part results for the wangsipoints of three
effects of a measurement is necessary. UsuallgUg  Y2lUeS Ofposare given.
budgets, an estimation is made about the proporion

normally distributed values to those with deviant Pgrameter Value
distributions. If the result is, that the dominant US’ I?nnr:rX;X/ 1&-?06
contributions are of the normal distribution, theaverage FgaNin MV 2.10°
factor 2 is regarded as to be appropriate. An exact p in mv)v 1.10°
verification of the validity of CLT is practicallyonly NRa 100
possible with the MCM. Npos 3
Also reliant on the validity of CLT is the calcuitat of Npos: 100
the effective degree of freedom (EDF) according to| J(ap,) inrad 0,02
Walch-Satterthwaite [2], which provides an altered
coverage factorkeys considering the reliability of the Apo in MV/IV 1-10° 1-10° | 1.10°
standard uncertainties due to the number of obSensga Uniem in mV/vV 39:10 [12:10 | 1.0-10
As mentioned above, complex uncertainty budgets Usue in mvVIv 1.3-10 1.9-10° | 2.2-10°
could be simulated completely with the MCM in order Ueue in mv/v 6.0-10 | 14-10 | 1.1-10
: e o ; . Ugues in mV/V 46-10 | 1.4-10 | 1.3.1¢
obtain realistic statistical values without the ahee fulfil Kett sut 245 257 4.30
assumptions like CLT. Kett £UE 213 210 214
A simplified calculation of the combined uncertgint Kot EUE" 201 1.98 201

including the contributions discussed in this paphbich is
inspired by the DIN 51309 is possible with



The MCM allows separated investigations of
MCM, the latter is represented by a constant lingha individual uncertainty related effects. A deeper
value 1. SUE and EUE results are found to be grélase understanding of the effects therefore is possibld helps
1, so these methods provide overestimations as thiy evaluate necessary simplifications in the umdety
should. In the case of SUE, also underestimation IBidgets. The influence of noise and resolution ¢dag
possible at different combinations of parametessstiown considered in a new uncertainty estimation whictiecs
in section 3.3. In the case of Fig. 13, the ovéresion of the specific conditions of high level referencesqte
noise and resolution compensates the underestimafio calibrations better than the usual estimationsthiéumore,
the position effect. Under different combinations ousing the MCM helps to estimate the contribution of

Since the results are normalized to the resulthef t

conditions this compensation is not assured.
With both methods, the results

voltage ratio traceability much more tightly thaitheut

increase wittand permits a differentiated view on the limitasoof

decreasin@®p,s Where the relative influence of resolutionsimplified uncertainty budgets.

gets higher. Altogether, EUE stays much closerhe t

The compliance between the MCM and most results of

MCM than SUE. EUE therefore is the method to choosBUM estimations validates the suitability of the MC

for tight uncertainty budgets as often needed gh héevel
laboratories.

EDF analysis results in effective coverage factqegs
close to 2 for EUE and increasing up to 4.3 for SUhis
demonstrates that in certain situations the assompuf
k = 2 of the SUE method may be too optimistic. ThéEE
budget on the other hand appears in the paranieterof
comparison torque calibration to be dependablyeclms

procedure developed. Differences between the MCM an
existing calculation instructions in guidelines ahee to
differences in the concept of considering the uiadety
contributions in question.

The estimation of the applicable coverage factangis
the EDF method can as an example be checked wéth th
MCM of the complete uncertainty budget. In doing so
parameters found by deeper MCM investigations and

the MCM simulation even with EDF extension of themeasurements for each parameter are used. Thiketan

coverage factor.

to evaluate the quality of the estimation via EBd-find

By replacingbr by bp« in (13) - corresponding to (5) - uncertainty estimations closer to minimum or to foom
an uncertaintyJeoms eues With analytical estimation of the the simplifying assumption &2.

position effect can be calculated. The benefitsthoé
estimation are discussed in section 3.3. Additignahe
analytical approach of this method permits thenesstion

to be declared as type B with a high number df]

observations in the EDF calculation. In comparisdgth

Ucomn,eus the analytical method leads to results closer to

the reference ofJycy at low values ofAq,s Altogether
these two methods are equivalent in the examinegkeraf
parameters.

4 CONCLUSIONS

Using a combination of the MCM and measurements
of high number of observations, the calculation off]
measurement budgets for reference torque caliloratio
facilities can be performed in more detail and mor

reliably than with GUM estimations exclusively.
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