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Abstract. Traceability is of vital importance in metrology and is achieved by an unbroken chain of calibrations
that relate the measurement result to a reference. Less clear is the temporal aspect of traceability, namely the
determination of recalibration dates. Relevant standards require the conduction of recalibrations in a planned
manner, and thus in general there is a calibration history consisting of a number of past calibrations for
measurands that are part of the traceability chain. Nevertheless, commonly only the results of the last
calibration of the standards of the traceability chain are considered when determining a measurement result.
Furthermore, recalibration dates are often determined in a rather unscientific manner. Within this paper, a
method is proposed to predict the current value of a measurand along with its uncertainty, taking into account
all past calibrations. Based on the predetermined target measurement uncertainty of the measurand, it is
possible to recognize the need for and thus to date recalibrations. The applicability of the method is investigated
by examining the metrological compatibility of the predicted results with the results of subsequent calibrations
of the calibration histories of a number of different standards. There is an explainable limitation of the
applicability of the method to calibration histories that exhibit a correlation of time and the chosen calibration
laboratory. However, the paper leads the way of future research to remedy the currently unsatisfying state

regarding the handling of calibration histories and the determination of recalibration dates.
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1 Introduction

In the era of globalization and interchangeability, accurate
and internationally comparable measurement results
are indispensible in metrology [1]. On the downside, a
measurement might always be subject to wholly or in part
unknown impacts, and therefore a measurement result is
only an estimate of the measurand’s value [2]. To indicate
the reliability or the quality of a measurement, the
measurement result is accompanied by the measurement
uncertainty evaluated according to the Guide to the
expression of uncertainty in measurement (GUM) [2].
Metrological comparability of measurement results is
ensured if the measurement results are traceable to the
same measurement unit, where metrological traceability is
defined by the International vocabulary of metrology
(VIM) as “property 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” [3, 2.41]. Therefore, measure-
ment uncertainty and metrological traceability are linked
inextricably [4]. It is common to depict the traceability
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chain as pyramid, where the broadening downwards
indicates the necessarily increasing measurement uncer-
tainty [5-9].

The importance of metrological traceability is also
reflected in internationally recognized standards like the
ISO 9001, which states: “When measurement traceability is
arequirement, or is considered by the organization to be an
essential part of providing confidence in the validity of
measurement results, measuring equipment shall be: a)
calibrated or verified, or both, at specified intervals, or
prior to use, against measurement standards traceable to
international or national measurement standards; (...)”
([10],7.1.5.2). ISO 17025, which states the general require-
ments for the competence of testing and calibration
laboratories, demands the metrological traceability of
the measurement results reported by the laboratory as well
([11],6.5). Therefore, calibration of the measuring equip-
ment that is required to establish the metrological
traceability, as well as the establishment of “a calibration
program, which shall be reviewed and adjusted as
necessary in order to maintain confidence in the status
of calibration” ([11], 6.4.7) is mandatory. In clause 6.4.13 )
it is stated to retain records for the equipment on
“calibration dates, results of calibrations, adjustments,
acceptance criteria, and the due date of the next calibration
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or the calibration interval” ([11], 6.4.13 ¢). For dimensional
measurements such equipment might be dimensional
artefacts like gauge blocks, spheres, hole plates or surface
texture artefacts [9,12]. While both standards, ISO 9001
and ISO 17025, call for the specification of calibration
intervals, i.e., the planned periodic recalibration of measur-
ing equipment that is required to establish metrological
traceability, nothing is said within the standards about
the way to determine the corresponding intervals or dates.

In Section 2, literature on the determination of
recalibration dates or calibration intervals is reviewed.
Some of the literature does not originate from the field of
metrology and therefore does not stick to basic metrological
terminology as defined within the VIM. Unfortunately,
often it is not possible to “translate” this literature into
metrological terminology, as the underlying concepts are
completely different. Consider the term “reliability”, which
has a well defined meaning and is well established within
some scientific fields like integrated logistics support
([13], 4.1), but it is just not comparable to the concept of
measurement uncertainty. Both terms might be seen as
incommensurable, to use this term brought into scientific
theory by Thomas S. Kuhn [14]. Similar is true for the
maximum permissible error ( MPE), although it is defined
in the VIM as “extreme value of measurement error, with
respect to a known reference quantitiy value, permitted by
specifications or regulations for a given measurement,
measuring instrument, or measuring system” ([3], 4.26).
While there is some guidance on how to transform a MPE
into a standard uncertainty ([2], F.2.3.3), no such guidance
exists for the opposite direction in the majority of cases. On
the contrary, in Annex E of the GUM it is stated explicitly
that the method of the GUM stands in contrast to the “idea
(...) that the uncertainty reported should be ‘safe’ or
‘conservative’, meaning that it must never err on the side of
being too small” ([2], E.1.2). In particular, the normal
distribution, which might be seen as the most relevant
probability distribution due to the central limit theorem
([2], G.2) neither has an upper nor a lower boundary and
therefore there is no maximum or minimum possible
measurement error (although physics itself might set
boundaries to reasonable measuring results).

In Section 3, a method to determine recalibration dates
based on measurement uncertainty is proposed. The method
is especially suited for calibration laboratories, as there is no
need to cross the boundaries of the field of metrology. But it is
just as suitable for the measuring equipment management in
industrial facilities. Doubt about the current value of a
measurand increases with time passed since the last
calibration. The presented method deals with this doubt,
as usual in metrology, as asource of uncertainty. The method
can therefore also be used in the sense of risk management
required by ISO 9001. Although examples are taken from the
field of dimensional metrology, the method is not limited to
this particular field of metrology.

2 Literature review

The most simple calibration program is to determine a
calibration interval for each measuring equipment initially
and to keep this interval fixed [15]. The German
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Accreditation Body (Deutsche Akkreditierungsstelle

GmbH, DAKkS) recommends calibration intervals for

measuring equipment for laboratories of some specific areas

[16,17], but only few equipment falls within the range of

dimensional metrology. While the DAkkS recommends the

calibration intervals based solely on the type of equipment,

in a document published jointly by the International

Laboratory Accreditation Cooperation (ILAC) and the

International Organization of Legal Metrology (OIML),

several factors which should be considered when determin-

ing the initial calibration interval are listed [18]:

— The instrument manufacturer’s recommendation

— Expected extent and severity of use

— The required uncertainty in measurement

— Maximum permissible errors (e.g., by legal metrology
authorities)

— Adjustment of (or change in) the individual instrument

— Influence of the measured quantity (e.g., high tempera-
ture effect on thermocouples)

— Pooled or published data about the same or similar
devices

The fifth bullet point relates to the stability of the
measuring instrument and the instrumental drift as defined
within the VIM ([3], 4.19 and 4.21). Nevertheless, no
guidance is given on how to incorporate these factors when
determining the calibration interval. The decision is left to
a “person with general experience of measurements, or of
the particular instruments to be calibrated, and preferably
also with knowledge of the intervals used by other
laboratories” [18].

In a document applicable for coordinate metrology
issued by the DAKKS it is stated to set the initial calibration
interval in the absence of a calibration history to no longer
than one year. It might be adjusted when analysing the
drift behaviour and considering the measurement uncer-
tainty. Nevertheless, no guidance is given on how to
conduct such an analysis and how to incorporate the
uncertainty [19].

A standard published jointly by the Association of
German Engineers (Verein Deutscher Ingenieure, VDI),
the Association for Electrical, Electronic & Information
Technologies (Verband der Elektrotechnik, Elektronik &
Informationstechnik, VDE), the German Quality Society
(Deutsche Gesellschaft fiir Qualitiat, DGQ) and the
German Calibration Service (Deutscher Kalibrierdienst,
DKD) states that there “are mno generally binding
specifications for the timing of a recalibration” ([20],
5.5). For the determination of the first recalibration date,
an empirical value (based on experience with similar
equipment) might be necessary. Furthermore, the presence
of a calibration history enables the adjustment of the
calibration interval, where “the most important criterion
for the adjustment is the change in the characteristic value
of the measuring and test equipment” (|20], 5.5). ISO 10012
and DIN 32937 are referenced for procedures for the
determination of calibration intervals [20].

ISO 10012, which states the requirements for measure-
ment processes and measuring equipment, also calls for the
analysis of the calibration history, as “data obtained from
calibration (...) histories (...) may be used for determining
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intervals (...)” ([21], 7.1.2). However, also within this

document no further guidance is given on how to

incorporate the historic data into the decision about the

calibration interval. DIN 32937 states several factors to be

considered when determining the calibration interval of a

test equipment [22]:

— Experiences from past tests or calibrations

— Stability of the test equipment

— Test process control

— Technical specifications (e.g., standards,
requirements or other technical regulations)

— Wear (e.g., caused by different materials of the test
equipment and the tested object)

— Experiences with similar test equipment

— Manufacturer’s recommendation

— Safety regulations

— Economical considerations and risk assessments

— Type of stress, static or dynamic measurements

— Experiences from the engagement of the test equipment
(need for repairs, malfunctions, environmental influen-
ces, frequency of use, functional reliability)

customer

But also within this document, no further guidance is
given on how to incorporate these many factors when
determining the calibration interval.

The already mentioned guideline jointly issued by the
ILAC and the OIML contains five possible methods to
review calibration intervals [18]:

Method 1: Automatic adjustment, where calibrations
are conducted on a routine basis and the subsequent interval
is extended or reduced based on the outcomes of the
calibration. Nevertheless, no clear guidance is given on how
to assess if the interval should be extended or be reduced.

Method 2: Control chart (calendar-time), where the
results of calibrations are plotted against time to derive the
dispersion of the results and drifts. It is recommended to
calculate the optimum calibration interval from these
plots, but no further guidance is given on how to do this.

Method 3: In-use time, which is similar to the previous
method but instead of plotting the calibration results
against time they are plotted against hours of use. This
approach to consider the time of use rather than the passed
time since the last calibration is common in preventive
maintenance in general ([23], p.219) and also for the
maintenance of measuring machines [24].

Method 4: In service checking, where critical parameters
of an instrument are frequently checked against a portable
calibration gear and a full calibration of the instrument is
conducted only if errors are observed. Nevertheless, this in
somehow outsources rather then solves the problem of
determining arecalibration interval, asnow the recalibration
of the portable calibration gear is of vital importance.

Method 5: Other statistical approaches, that are based
on statistical analysis. [25] is mentioned as an example.

The basic statement of [25] is that the uncertainty
about the value of a measurement standard’s measurand
grows with time and it is necessary to predict this value
along with its uncertainty at the time of use. The value and
its uncertainty are calculated based on the calibration
history of the particular standard. Given an upper limit for
a standard’s uncertainty in-use, it is possible to derive the

date of recalibration. Although the method to predict a
standard’s value and its uncertainty is rather complicated,
it does not take the uncertainties of the past calibration
values into account. Nevertheless, one might reasonably
argue that these uncertainties do have an influence on the
uncertainty of the prediction, especially if the number of
past calibrations is rather small, which is usually the case.

The approaches described in [26-28| are quite similar
and rely on the determination of measurement reliability.
For the measuring equipment a target reliability and
tolerance limits are defined. Grouped measurement devices
are tested after some time since the last calibration and the
percentage of out-of-tolerance devices is determined. Based
on this percentage, the target reliability and the time
passed since the last calibration, the next calibration date is
calculated. Nevertheless, it remains unclear how to
incorporate the measurement uncertainty into the decision
about the out-of-tolerance state of a device. Also the
remarks about the determination of the reliability target
and the tolerance limits remain vague. Furthermore, the
approach described in [26] relies on homogeneous past
calibration data, e.g., regarding the calibration procedure
and the reported uncertainty. But this requirement might
not be met in practice as calibrations are often conducted
externally and the procedure as well as the uncertainty
might change over the years. In some ways the requirement
for an unvarying calibration procedure contradicts the
concept of metrological comparability, which states that
measurement results are comparable if they are traceable
to the same unit regardless of the measurement procedure
or the measurement uncertainty ([3|, 2.46). But the most
serious shortcoming of the approaches is the waste of
information: The calibrated values are discretised into the
two groups within-tolerance and out-of-tolerance and
further calculations are based on the number of items
per group. Nevertheless, much information is lost by this
discretization, as for example a drift might be recognizable
with the (more or less value-continuous) calibrated values
before the discretization but not after discretization.

In [29] an uncertainty-based method for the determina-
tion of recalibration dates is presented. Based on the last two
calibration results the systematic drift of the measurement
equipment is evaluated as linear polynomial. Furthermore,
the uncertainty of this prediction is evaluated by a Monte
Carlo simulation considering the calibration uncertainties.
The date of the next calibration is determined considering
the pre-determined MPE of the device. After the next
calibration, the procedure is either repeated with the results
of the last two calibrations and a linear polynomial, or a non-
linear polynomial is fitted to the results of more than the last
two calibrations. While the linear model is recommended for
robust measurement devices, non-linear models are recom-
mended for devices which exhibit more rapidly changing
characteristics. Nevertheless, especially in the case of robust
measurement devices or standards like end-gauges, short-
term deviations might rather be associated to changes of the
calibration instrument than to changes of the standard itself
[30]. It would therefore be beneficial to use as many data
points as possible to predict the behaviour of the standard
and the linear polynomial should be fitted to the results of all
past calibrations.
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3 Uncertainty-based determination
of recalibration dates

Dimensional artefacts are common to achive metrological
traceability in dimensional metrology [9]. A calibration of
such an artefact is hardly more than the (traceable)
measurement of a particular measurand of the artefact.
Thus, the result of the calibration is the best estimate of the
value of this measurand along with the associated uncertainty
about this value. In the presence of a calibration history, i.e.,
an amount of measurements of the same measurand, it might
be possible to state the best estimate of the value of this
measurand with more confidence and therefore with a
decreased uncertainty compared to the uncertainty stated
in the last calibration. On the other hand, this confidence
diminishes with the time since the last calibration. The basis
of an uncertainty-based determination of recalibration dates
is therefore a method to obain a best estimate about the
current value of a measurand based on all available
information (and therefore not merely on the last calibration)
along with the associated uncertainty. Given a target
measurement uncertainty wr as defined by the VIM as
“ measurement uncertainty specified as an upper limit and
decided on the basis of the intended use of measurement
results” ([3],2.34) for the value of the measurand, it is possible
to recognize the need for recalibration. In general, ur is one of
the key characteristics for the management of measuring and
test equipment [22].

3.1 Allocation of the target measurement uncertainty

The starting point is the definition of wr as standard
uncertainty for the measurements to be conducted. The
determination of wur is a strategic decision and for
calibration laboratories the choice might be based on
factors like customer needs or available ressources. For
testing laboratories the tolerances to be tested might be
considered, since a general rule states that the uncertainty
should not exceed one tenth to one fifth of the tolerance
[31]. Based on the measurement uncertainty budget, ur of
the complete measurement is allocated to the uncertainties
of the ninput quantities z; (i = 1,...,n) of the measurement.
In practice, the standard uncertainty of most z;, u(z;), is
fixed due to the availability of the measuring equipment,
environmental conditions, etc. and it is primarily the
uncertainties of the dimensional artefacts that might be
altered if needed for example by choosing a different
calibration laboratory able to provide calibrations with a
smaller measurement uncertainty.

To show the determination of wr for the value of a
measurand of a standard, the example of the GUM for the
calibration of an end-gauge is taken [2, H.1]. A sufficiently
exact measurement function ffor the determination of the
length of the end-gauge at a temperature of 20 °C, denoted as
[, by a comparison measurement with a standard with the
known length I, and the standard uncertainty wu(l,) is
given by

1= f(s,h,a,0,Aa,A0) = I, + h — I;(Aa-0 + a-A0), (1)

where h denotes the difference in length between the
measurements of the end-gauge and the standard, a,
denotes the coefficient of thermal expansion of the
standard, 6 denotes the deviation in temperature from
20°C of the end-gauge to be calibrated, Aa denotes the
difference between the coefficient of thermal expansion of
the end-gauge and of the standard and A denotes the
difference in temperature between the end-gauge and the
standard. The combined standard uncertainty u, of [under
the assumption of uncorrelated input quantities z; is given
by ([2], 5.1.2)

u.(l) = \/Zf_l (g;:)z'uz(wi),

where wu(z;) is the standard uncertainty of z; and
ze{l, h, as, 0, Aa, AG}.

Let’s assume that due to strategic decisions, ut for the
calibration of an end-gauge with a similar coefficient of
thermal expansion like the standard and with a nominal
length of 10 mm has been determined to be no more than
20 nm, and therefore uZ.(I) < 400 nm?. Furthermore, A8 is
estimated to be zero, measurements are taken within an
environment that might have a deviation from 20 °C of up
to 0.5 K and «; is given as 11.5 %x10 ® K 1. The available
measuring equipment allows the determination of A with an
uncertainty of 11 nm.

In Table 1, the corresponding measurement uncertain-
ty budget is shown. Note that —,0 equals —5 mmK and that
~lasequals —0.115 x10 *mK . To achieve ur(l)< 20 nm,
u(l;) must be less than 15 nm. If the standard is calibrated
for the first time, then obviously the standard uncertainty «
(1) of this calibration needs to be lower than ur(ls). The
first recalibration date might be determined considering
factors already discussed in Section 2. In the following, a
method to obtain a best estimate of the current value of a
measurand along with the associated u in the presence of a
calibration history, i.e., more than one past calibration of
the particular measurand, is presented.

(2)

3.2 Obtaining the best estimate of the current value
of a measurand along with the uncertainty

For the sake of vividness, we take a real example to present
the issue and the method to obtain a best estimate of the
current value of a measurand along with the associated w in
the presence of a calibration history. In Table 2, the
calibration history of the diameter d of a reference sphere
with a nominal d of 15 mm is listed and it is depicted in
Figure 1. The calibrations have been conducted by a
calibration laboratory accredited by the DAKkKS or
formerly by the DKD.

The diameter of the sphere has been calibrated about
every two years since 2004, so in sum d has been calibrated
nine times (N=9). If there is no reason to assume that
there is a fundamental change about the value of the
measurand (e.g., caused by a crash), then to obtain the best
estimate about the current value of the measurand all
available data should be used and therefore all past



J. Schaude and T. Hausotte: Int. J.

Metrol. Qual. Eng. 15, 2 (2024) 5

Table 1. Measurement uncertainty budget with wp(l,)=15 nm to achieve u%(I) < 400 nm?.

) 0
i o= u(z) el - u(z) > [leslu(e)]
ox; =1

1 h 1 11nm 11nm 121 nm”

2 a 0 — 0 121 nm

3 0 0 - 0 121 nm”

4 Aa —10 08 x 10°K* 4 nm 137 nm?

5 A0 —l.a, 0.05 K 6 nm 173 nm?®

6 is 1 15nm 15nm 398 nm?

Table 2. Calibration history of a reference sphere’s diameter.

Date 17.05.2004 26.02.2007 16.06.2009 14.06.2011 13.06.2013

d in mm 14.917 90 14.917 90 14.918 00 14.917 94 14.917 99

win pm 0.11 0.11 0.11 0.10 0.10

Date 23.06.2015 28.07.2017 26.07.2019 21.07.2021

d in mm 14.917 90 14.917 96 14.917 88 14.917 99

uin pm 0.10 0.10 0.10 0.10

14.9182 Fitting a linear polynomial to a number of data points

e following the least squares method minimizing the
g 14.918 deviations in the horizontal, the vertical or both directions
£ 14.9178 is well known [32,33]. In [34] also the uncertainties of the
© 149176 polynomial coefficients are calculated. Nevertheless, the

2004 2006 2008 201020122014 2016 2018 2020 2022
date of calibration

Fig. 1. Calibration history of a reference sphere’s diameter. The
length of the error bars equals twice the expanded uncertainty U
with the coverage factor k= 2.

calibrations should be taken into account. Nevertheless,
there might be some systematic time-dependent drift, so it
is reasonable to fit a straight line, i.e., a linear polynomial
dependent upon the time t, given by

y(t) = ait + ao, (3)
with a; and gy denoting the polynomial coefficients, to the
calibrations instead of just taking the (weighted) mean
value. Since the uncertainty of the past calibrations is
variable (cf. Tab. 2), it must be taken into account when
calculating the polynomial coefficients. Thus, to a
calibration with a lower uncertainty a greater weight
should be attached than to a calibration with a higher
uncertainty when calculating the polynomial coefficients.
Furthermore, to obtain the uncertainty associated with
the best estimate of the current value of a measurand y
calculated by equation (3), it is mandatory to have the
uncertainties of the polynomial coefficients and their
covariance as well.

individual uncertainties of the input data points are not
taken into account for the calculation of these coefficients.
In [35] a so-called weighted total least squares algorithm
(WTLS), which calculates the polynomial coefficients
taking into account the uncertainties of the input data,
has been presented. Apart from the polynomial coefficients,
it provides their uncertainties and covariance cov(a,, az) as
well. The implementation of the algorithm in MATLAB
has been published by the authors at the MATLAB central
file exchange'.

y is calculated by equation (3). According to [2], the
standard uncertainty of y is obtained by

u(y) = \/t2 [w(a1)]” + [u(ao)]® + 2t-cov (a1,a0),  (4)

where u (a;) and u (ay) denote the standard uncertainties of
the polynomial coefficients and cov(ay,ay) denotes the
covariance of a; and qg. In Figure 2, the calibration history
of the reference sphere’s diameter along with the results of
the WTLS are shown. In this figure, the abscissa is the
temporal distance to the date of the last calibration. The
uncertainty of these temporal values is negligible and thus
was set to zero. Remarkably, the uncertainty of d
calculated by the WTLS is lower than the uncertainty of
a single calibration, at least for the time range within the

! https://de.mathworks.com /matlabcentral /fileexchange/
17466-weighted-total-least-squares-straight-line-fit.
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14.9182 e
£ 14918 ~~F- -I Tl I-5-1-
_214.9178 f ——l_"_f—l__f‘i ________
T 14.9176
14.9174 ‘ I callbratlon results —WTLS‘
'15 '10 -5 0 5

temporal distance to the last calibration in years

Fig. 2. Calibration history of the reference sphere’s diameter
(cf. Fig. 2) and the value of d calculated by the WTLS (solid line).
The dashed red lines indicate the expanded uncertainty U of this
value (k = 2).

calibrations. Nevertheless, we may indeed state an
estimation about the value of a measurand with more
confidence and thus with lower uncertainty if several
measurements and not just one single measurement are
taken into account. The uncertainty of the value calculated
by the WTLS is minimal for the mean of the calibration
dates. However, the main intention is to apply the WTLS
to predict a current or future value of a measurand along
with its uncertainty, considering the calibration history of
the particular measurand. Thus, the relevant values of
WTLS are the ones for a positive temporal distance.

3.3 Validation

There might be some objections about the validness of
these predicted values and their uncertainties. One might
argue that it is not appropriate to treat a calibration from
years ago the same way as a recent calibration. Instead,
such old calibrations should be weighted less or disregarded
completely. However, on the other hand the great time
range of the calibrations yields a greater likelihood that also
systematic influences are randomized and thus accessible
to statistical analyses like the WTLS. Furthermore, if there
is no reason to assume a fundametal change of the
measurand, also past calibrations should keep their
validness, because a simple drift of the value of a
measurand is reflected by the WTLS as a;# 0. However,
probably the most serious issue about the application of the
WTLS to a calibration history is the fact that there is no
knowledge about a causal relation between time and the
measurand’s value. Nevertheless, we will postpone the
criticism from a theoretical standpoint to Section 4 and
instead will evaluate the appropriateness of the application
of the WTLS to a calibration history to predict a
measurand’s value and its uncertainty from an empirical
standpoint by the assessment of the metrological compati-
bility of the results in this subsection. The method of
validation will be described in the subsequent first part of
this subsection and will be applied to a number of different
standards in the second part of this subsection.

3.3.1 Method

Metrological compatibility of measurement results is
defined within the VIM ([3], 2.47). A frequently
applied metric to assess the metrological compatibility of

14.92 -
E ——————————————
< 14.918 _,_‘:‘]’_::5_
2 e S
14916 TT==
0 5 10 15
temporal distance in years
1
w" 0.5
0 ——

0 5 10 15
temporal distance in years

Fig. 3. Upper panel: WTLS (shown in red) applied to the earliest
two calibrations. The subsequent calibrations (shown in green)
are used as reference to check the metrological compatibility of d
and its uncertainty predicted by the WTLS. Lower panel:
E -values (k = 2) obtained by comparing the reference
calibrations with the predicted results.

two measurement results is the normalized error [36]

Ytest — yref

k \/ U(Ypest)]

with k denoting the coverage factor, which is 2 within this
paper, 4, denoting the reference value and ;. the further
value to be compared with the reference value. Metrologi-
cal compatibility of the two measurement results is claimed
for |E,| <1.

In the upper panel of Figure 3, the WTLS was applied to
the earliest two calibrations, only. The seven subsequent
calibrations are used as reference to check the metrological
compatibility and thus the validity of the predicted results.
All reference calibrations are compatible to the predicted
results, because | E,| <1 (see lower panel of Fig. 3). This is
not surprising, since due to the limited number of
calibrations considered by the WTLS the prediction’s
uncertainty is quickly increasing. However, also in Figure 4,
where the WTLS was applied to the earliest five
calibrations and thus the prediction’s uncertainty is lower
than the uncertainty of the first subsequent calibration, the
prediction results and the reference calibrations exhibit
metrological compatibility (upper panel of Fig. 4).

For a calibration history consisting of N calibrations,
the WTLS might be applied to the first 2, 3, ..., N-1
calibrations and the predicted results afterwards can be
compared to N-2, ..., 1 reference calibrations. Thus, for the
N = 9 past calibrations of the sphere’s diameter, in sum 28
E,~values can be obtained. In Figure 5, the standard
uncertainty of d calculated by the WTLS and the
corresponding F,-values are shown over the temporal
distances to the last calibration considered by the WTLS.
As expected, uincreases with time due to the uncertainty of

E, =

(5)

(yref)}Q 7
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14.9185

14.918

din mm

14.9175
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Fig. 4. Upper panel: WTLS (shown in red) applied to the earliest
five calibrations. The subsequent calibrations (shown in green)
are used as reference to check the metrological compatibility of d
and its uncertainty predicted by the WTLS. Lower panel:
E,-values (k = 2) obtained by comparing the reference
calibrations with the predicted results.
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Fig. 5. Standard uncertainty of d calculated by the WTLS
(upper panel) and the corresponding E,-values (lower panel) over
the temporal distance to the last calibration considered by the
WTLS.

ay, cf. equation (4). Since all absolute E,-values are below 1
(the maximum value is 0.43), 100 % of the 28 results of the
WTLS are compatible to the subsequent calibrations.

3.3.2 Examination of several standards

In the following, this method is applied to several
standards: Two spheres with a nominal diameter of
15mm (including the one of the previous subsection),
two spheres with a nominal diameter of 30 mm, a step
gauge with 52 measuring surfaces, a hole plate with 60 holes
and a ball plate with 25 balls. All calibrations have been

Table 3. Overview of the standards.

Standard Number of

calibrations

Number of
measurands

d = 15 mm-sphere 1 4
d = 15 mm-sphere 2 4
d = 30 mm-sphere 1 4
d = 30 mm-sphere 2 4

9 within 17 yr
7 within 12 yr
8 within 19 yr
7 within 18 yr

Step gauge 51 6 within 16 yr
Hole plate 1770 9 within 19 yr
Ball plate 300 4 within 6 yr

conducted either by the Physikalisch-Technische Bundes-
anstalt (PTB), which is the German national metrology
institute, or calibration laboratories accredited by the
DAXKKS or formerly by the DKD. Each standard comprises
more than one measurand. In the case of the spheres, apart
from the diameter also the form deviation has been
calibrated on three different orthogonal cross sections. For
the step gauge, the distances of each measuring surface to
the measuring surface number 0 (so in sum 51 distances)
have been calibrated. For the hole plate and the ball plate,
the distances of the centres of two arbitrarily chosen holes
or balls have been calibrated, leading to 1770 (hole plate)
and 300 (ball plate) measurands. An overview of the
standards is given in Table 3.

In Table 4, the results of the validation of the WTLS by
the calibration history of these standards are listed. The
number of the results tested, N, is given by

chal’i,.’2

Nies. = Nieas.: Zi:l i, (6)

where Neas denotes the number of measurands and N,
denotes the number of calibrations of the particular
standard. As can be seen, the validation is successful,
meaning that the share of results with | E,| > 1 is below 5%,
for six of the seven standards. However, in case of the hole
plate, over 10% of the absolute values of FE, are above 1.
This necessitates a more detailed investigation.

We take the calibration history of the measurand
of the hole plate that exhibits the largest share of results
with |E,| > 1, which is about 46%, as an example. The
calibration history of this measurand is shown in Figure 6.
As an example, WTLS applied to the first four calibrations
and the resulting F,-values are shown as well. As can be
seen, there is a linear drift of the measurand’s value from
the first until the fifth calibration. This drift starts to break
with the sixth calibration and is abandoned completely for
calibrations 7 to 9. Noteworthy, the calibrations 7 to 9 have
been conducted by a different laboratory with a much
smaller uncertainty. Unfortunately, we are not able to
determine the reason for the break of the linear drift of the
measurand’s value. It might be a fundamental change of
the standard which would cause the older calibrations to
become invalid. On the other hand, it might also be related
to the change of the calibration laboratory. However,
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Table 4. Results of the validation of the WTLS by the calibration history of the standards.

Standard Number of results tested Number of results with |E,| > 1 Share
d = 15 mm-sphere 1 112 0 00.0%
d = 15 mm-sphere 2 60 0 00.0%
d = 30 mm-sphere 1 84 0 00.0%
d = 30 mm-sphere 2 60 0 00.0%
Step gauge 510 1 00.2%
Hole plate 49 560 5077 10.2%
Ball plate 900 16 01.8%
Care should be taken when applying the WTLS to a

€ 403.1 calibration history where the calibration laboratory has not
€ been changed at all or where there is a correlation between
-_g time and the chosen calibration laboratory. Unfortunately,
the calibration histories of all the standards analysed within

403.095 this paper exhibit such a strong correlation between time and
calibration laboratory. We might thus indeed question the

temporal distance in years appropriateness of the application of the WTLS from a

15 theoretical point of view. And also the empirical findings

' point to a certain inappropriateness of the application of

A the WTLS to these particular calibration histories. To

w validate the appropriateness of the application of the WTLS
05 to calibration histories that do not exhibit a correlation

o between time and calibration laboratory, it is probably

-5 0 5 10
temporal distance in years

Fig. 6. Upper panel: Calibration history and WTLS applied to
the first four calibrations of the worst measurand of the hole plate.
Lower panel: E,-values (k = 2) obtained by comparing the
reference calibrations with the predicted results.

it does lead to results predicted by the WTLS that do not
exhibit metrological compatibility to the subsequent
calibrations. This issue will be discussed in the following
section.

4 Discussion

As has been stated in Section 3.3, there might be objections
to treat calibrations from years ago the same way as a
recent calibration. On the other hand, the great time range
of the calibrations yields a greater likelihood that also
systematic influences of the calibrations are randomized
and thus accessible to statistical analyses like the WTLS
and thus might improve the validness of its results.
However, this is only true if there is no correlation between
time and possible systematic influences. We might
reasonably argue that it is likely that at least some
systematic influences are related to the calibration
laboratory. Thus, if one wants to apply the WTLS, the
calibration laboratory should be chosen randomly for each
calibration to randomize the systematic influences.

necessary to create such calibration histories by purpose by
deliberately choosing calibration laboratories randomly.
Because it is common practice to rarely change the
calibration laboratory. Noteworthy, the demand to choose
the calibration laboratory randomly is also quite the
contrary to the approach described in [26], which calls for
homogeneous past calibration data. Nevertheless, take ISO
15530-3 [37] as an example, it is common knowledge that
systematic influences should be randomized to yield their
accessibility to subsequent statistical analyses.

5 Summary and outlook

This article started with a thorough review about the
determination of recalibration dates or calibration inter-
vals. Although there are some guidelines of internationally
recognized organizations like the ILAC, the OIML or the
DAKKS on this issue, the recommendations remain vague.
As stated by a guideline published jointly by the VDI, the
VDE, the DGQ and the DKD, there “ are no generally
binding specifications for the timing of a recalibration”
([20], 5.5). However, most of the literature recommends to
take the calibration history into account when determining
a calibration interval or a recalibration date. But only a few
references give a clear guidence on how to process a
calibration history to yield the next calibration date. The
proposed procedures might be criticised from a theoretical
standpoint, because either the uncertainty of the past
calibrations is neglected or the number of considered
past calibrations is limited arbitrarily. Nevertheless, the
fundamental principle of those procedures, namely that the
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uncertainty about the value of a measurand grows with
time since the last calibration and it is necessary to predict
this value along with its uncertainty at the time of use
taking the calibration history into account, is adopted by
the approach of an uncertainty-based determination of
recalibration dates shown within this paper.

This approach is described in the third part of the paper.
By the application of a so-called weighted total least squares
algorithm (WTLS) to the calibration history it enables the
prediction of the current value of a measurand along with its
uncertainty, taking into account the past calibration values
and their uncertainties. Based on the predetermined target
measurement uncertainty of the measurand, it is possible to
recognize the need for and thus to date recalibrations. To
validate the applicability of the WTLS to a calibration
history in order to predict a measurand’s future value along
with its uncertainty, the calibration history of the
measurands of several standards has been investigated.
There are cases where the results predicted ty the WTLS did
not exhibit metrological compatability to subsequent
calibrations. This issue has been discussed in Section 4. It
might be related to the correlation between time and the
chosen calibration laboratory. Since at least some systematic
influences are highly likely related to the calibration
laboratory, a correlation between time and these systematic
influences might lead to biased results predicted by the
WTLS. Unfortunately, such a correlation existed for all
calibration histories examined within this paper, which
might explain the lack of metrological compatability.

In future works, the applicability of the WTLS should
be investigated on calibration histories with randomly
chosen calibration laboratories. As it is common practice to
rarely change a calibration laboratory, it is probably
necessary to create such calibration histories by purpose by
deliberately choosing calibration laboratories randomly. It
might also be investigated to what extent other
approaches, like calculating a weighted mean value of all
past calibration results, maybe including a coefficient to
weight older calibrations less, give more accurate results.
Because the currently most often applied procedure, which
only considers the result of the last calibration and its
uncertainty, in the presence of a calibration history seems
to be a huge waste of information.
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