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Abstract

The most important actions required to ensure the correct
indication of measuring instruments are:

B in industrial metrology, regular calibration of the meas-
uring instruments according to the implemented
quality systems; and

B in legal metrology, periodic verification or conformity
testing of the instruments according to legal regula-
tions.

Both actions are strongly inter-related and are pre-
dominantly based on the same measuring procedures.
Historically, however, these actions have been established
with separate rules, metrological infrastructures and
activities.

This paper, therefore, addresses the differences, common
bases and the relationship between calibration and
verification. In particular, the relationships between legally
prescribed error limits and uncertainty and the uncer-
tainty contribution of verified measuring instruments are
discussed.

Introduction

The correctness of measurements and measuring instru-
ments is one of the most important prerequisites for the
assurance of the quality and quantity of products and
services, and the accuracy of the instruments must be
consistent with their intended use.

technique

In compliance with the ISO 9000 standard series and
the ISO/TEC 17025 standard, traceability of measuring
and test equipment to the realization of SI units must be
guaranteed by an unbroken chain of comparison meas-
urements to allow the necessary statements about their
metrological quality. The most important actions to
ensure the correct indication of measuring instruments
are:

B in industrial metrology: regular calibration of the
measuring instruments according to the implemented
quality systems; and

B in legal metrology: periodic verification or con-
formity testing of the measuring instruments accord-
ing to legal regulations.

Both actions are closely related and are mostly based
on the same measuring procedures.

Historically, however, these actions have been estab-
lished with separate rules and metrological infra-
structures and activities. Verification has become a
principal part of legal metrology systems and calibration
is widely used in quality assurance and industrial
metrology - accreditation bodies prefer calibration as a
primary action to provide proof of the correctness of the
indication of measuring instruments.

As a result, today it must be acknowledged that there
is a lack of reciprocal understanding of the identical
metrological nature of these activities between the dif-
ferent communities of users. In particular, their specific
concerns are insufficiently understood, and there is
widespread incomprehension concerning the relation-
ship of error limits and uncertainty of measurement. For
instance, the use of legally verified instruments within
the framework of quality management sometimes
presents problems since only the MPEs for the
instruments are provided, without the measurement
uncertainties being explicitly given.

1 Calibration

Usually, calibration is carried out in order to provide a
quantitative statement about the correctness of the
measurement results of a measuring instrument. For
economic reasons, laboratories strive for broad recog-
nition of their calibration and measurement results.
Confidence in results, therefore, is achieved through
both establishing the traceability and providing the un-
certainty of the measurement results.

According to the VIM [1], calibration may be defined
as a “set of operations that establish, under specified
conditions, the relationship between values of quantities
indicated by a measuring instrument or measuring
system, or values represented by a material measure or a
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Fig. 1 Examples of calibration by comparison method.

a: hydrometer calibration in a liquid bath

b: thermometer calibration in a liquid bath (without
thermostatting equipment)

¢: block diagram of the calibration procedures

toath o - liquid temperature

Poath o - liquid density

Oty : temperature difference in liquid

Of, : density difference in liquid

tytg ¢ determing temperatures for the instrument
tested and the standard

Pp Pg ¢ determining densities for the instrument

tested and the standard
I, Iy : indications

reference material, and the corresponding values realized
by standards”. This means that the calibration shows
how the nominal value of a material or the indication of
an instrument relates to the conventional true values of
the measurand. The conventional true value is realized
by a traceable reference standard [1]. According to this
definition, calibration does not necessarily contain any
actions of adjustment or maintenance of the instrument
to be calibrated.

Figures 1 and 2 show examples of calibration by
means of the comparison method, i.e. by comparison of
the indication of the instrument under test, and the
corresponding indication of appropriate standards
respectively.

Calibration certificates for measuring instruments
give the measurement deviation, or correction, and the
uncertainty of measurement. Only this combination
characterizes the quality of the relation of the meas-
urement result to the appropriate (SI) unit. Figure 3
illustrates the meaning of a (single) calibration result as
it is typically presented.

The uncertainty of measurement is a parameter,
associated with the result of measurement, that charac-
terizes the (possible) dispersion of the values that could
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Fig. 2 Example of voltage calibration of a multimeter by
comparison of the voltage provided by a calibrator,
and the corresponding indication of the multimeter.

Photo of the calibration setup and block diagram of the
calibration procedure.

V. : voltage provided by the calibrator
Vy  : input voltage of the instrument tested

oV : unknown voltage deviation due to
imperfections in the measuring procedure

o Ip © indications

- ElE]= inp = X5
« ME)= '\:.i'.:lhh}+”=!":'|']

Measureman diviaion

Fig. 3 Meaning of a (single) calibration result as typically

presented.

E : measurement deviation

E[E] : best estimate of the measurement deviation
xp - indication of the instrument tested

xg : conventional true value

u(E) : standard uncertainty that may be associated

with the measurement deviation
u(xyp) : standard uncertainty that may be associated

with the value xp)
u(xg) : standard uncertainty that may be associated
with the value xg

reasonably be attributed to the measurand [1]. In other
words, uncertainty is a measure of the incompleteness
of knowledge about the measurand. It is determined
according to unified rules [2, 3] and is usually stated for
a coverage probability of 95 %. Its value, together with



L wi L |
X I-L | o el 0 -__i'l'-m-;n't:-_p
..' .l
. : r Exmrpia of SRR !
| ||.' ."rilllil'ui::'w-i
[ | i ]
ELEL AT
MPE 5 f MPE
; s =E|E N
e B Tgiamacs

wpucilisd ko e e

Fig. 4 Relationship between maximum permissible errors and
measurement uncertainty upon conformity evaluation in
calibration [4] and testing of working standards.

Xg : conventional true value
y : best estimate of the measurement deviation, E
MPE_ : lower maximum permissible error

MPE, : upper maximum permissible error

I(y) : acceptance interval with respect to the
measurement deviation, y
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Fig. 5 Typical test sequence over the lifetime of a measuring
instrument that is subjected to legal regulations

the determined measurement error, is valid at the
moment of calibration and under the relevant cali-
bration conditions.

If a recently calibrated measuring instrument is used
under the same conditions as during the calibration, the
measurand Y may be reduced to the following parts:

Y=Xg+0X (1)

where Xq represents the corrected indication of the
calibrated instrument. 0X may be the combination of all
other (unknown) measurement deviations due to imper-
fections in the measuring procedure. Thus, it follows
that the associated standard uncertainty of the measure-
ment carried out by means of a calibrated instrument is:

ul(y) = ur(x)) + u*(x) 2)

technique

This means that the calibration uncertainty u (x,) of
a newly calibrated instrument enters directly into the
total uncertainty of the measurement u (y) as an (inde-
pendent) contribution.

When the calibrated instrument is used in a different
environment, the measurement uncertainty determined
by the calibration laboratory will often be exceeded if
the instrument is susceptible to environmental influ-
ences. A problem can also arise if the instrument’s per-
formance is degraded after prolonged use.

Furthermore, the stated uncertainty of measurement
can be considered as being related to national standards
only for certificates issued by laboratories that have
demonstrated their competence beyond reasonable
doubt. Such laboratories are normally well recognized
by their customers. In other cases, for example, when
working standard calibration certificates are used,
reference to the national standards cannot be taken for
granted and the user must be satisfied as to the proper
traceability - or take other actions.

Sometimes, calibration certificates give a conformity
statement, i.e. a statement of compliance with given
specifications or requirements. In these cases, according
to the EA document EA-3/02 [4], the obtained measure-
ment result, extended by the associated uncertainty,
must not exceed the specified tolerance or limit.
Figure 4 illustrates this approach.

2 Verification and error limits
in legal metrology

2.1 Verification

Verification of the conformity of measuring instruments
is a method of testing covered by legal regulations. Tt is
a part of a process of legal metrological control that in
many economies requires type evaluation and approval
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Fig. 6 Elements of verification [5]
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Table 1 Comparison of the primary goals and of the actions in calibration and verification

Calibration

» Determination of the relationship
between the measured values and
the corresponding values realized
by standards:

- under defined conditions
- at a specified date and time

» Statement of both the deviation,
or correction, and the uncertainty of
measurement

= Issuing of a calibration certificate

Verification

« Examination of conformity of
measuring instruments with legal
requirements

- qualitative tests
- maximum permissible errors
(mpe’s)
» Marking of the instrument tested
(“passport function”)

» Issuing of a verification certificate
as required or requested

of some models of instruments subject to legal regula-
tions as a first step. Figure 5 shows the typical test
sequence over the lifetime of a measuring instrument
subject to legal regulations.

Type evaluation is usually more stringent than verifi-
cation. It includes testing the instrument’s performance
when subjected to environmental influence factors in
order to determine whether the specified error limits for
the instrument at rated or foreseeable in situ operating
conditions are met [5].

The basic elements of verification are [5]:

B qualitative tests, e.g. for the state of the instrument
(which is essentially an inspection); and

B quantitative metrological tests.

The aim of the quantitative metrological tests is to
determine the errors with the associated uncertainty of
measurement (cf. 1) at prescribed testing values. These
tests are carried out according to well-established and
harmonized testing procedures [5].
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Fig. 7 Specification and measurement uncertainty
(according to ISO 14253-1 [6]).

MPE.
MPE,

: lower maximum permissible error
: upper maximum permissible error
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Following the definition of calibration, as given in 1,
the quantitative metrological tests may be considered a
calibration. This means that an instrument’s assurance
of metrological conformity involves both verification
and calibration, and the measuring equipment necessary
to determine conformity during verification might be
the same as that used for calibration, e.g. as shown in
Figs. 1 and 2.

The results of the verification tests are then evalu-
ated to ensure that the legal requirements are being met
(see 2.2). Provided that this assessment of conformity
leads to the instrument being accepted, a verification
mark should be fixed to it and a verification certificate
may be issued. Figure 6 illustrates these elements of
verification.

According to the above definitions and explanations,
Table 1 compares the primary goals and the actions of
calibration and verification.

2.2 Maximum permissible errors on verification
and in service

In many economies with developed legal metrology
systems, two kinds of error limits have been defined:

B the maximum permissible errors (MPEs) on verifica-
tion; and
B the maximum permissible errors (MPEs) in service.

The latter is normally twice the first. MPEs on verifi-
cation equal “MPEs on testing” that are valid at the time
of verification. For the measuring instrument user, the
MPEs in service are the error limits that are legally
relevant.

This approach is explained and illustrated in detail
in 4.3 of [5].



The values of the error limits are related to the
intended use of the respective kind of instrument and
determined by the state of the art of measurement
technology.

3 Relationship between legally prescribed
error limits and uncertainty

3.1 General

If a measuring instrument is tested for conformity with
a given specification or with a requirement with regard
to the error limits, this test consists of comparisons of
measurements with those resulting from use of a
physical standard or calibrated standard instrument.
The uncertainty of measurement inherent in the
measurement process then inevitably leads to an un-
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Fig. 8 Tllustration of the criteria for the assessment of
compliance in legal metrology and of the bandwidth
of measurement deviations I(E) of verified instruments
that could be expected when taking the uncertainty
U,,..x Into account.

MPEV : absolute value of the maximum permissible
error on verification

MPEV_ : lower maximum permissible error on
verification

MPEV, : upper maximum permissible error on
verification

MPES_ : lower maximum permissible error in service

MPES, : upper maximum permissible error in service

U, : upper permissible limit of the expanded
uncertainty of measurement according
to equation (3)

y : best estimate of measurement deviation, E

I(y) : acceptance interval with respect to the
measurement deviation, y

) Due to unavoidable measurement uncertainties from the quantitative tests (cf.
Fig. 6), the legally prescribed error limits MPEV_and MPEV, can be exceeded
by the value of U, without being recognized. Therefore, an interval I(E) may
be defined that characterizes the possible bandwidth of measurement errors
when using verified instruments.

technique

certainty of decision of conformity. Figure 7 (taken from
the standard ISO 14253-1) [6] makes this problem quite
clear: between the conformance zones and the upper
and lower non-conformance zones there is in each case
an uncertainty zone whose width corresponds approx-
imately to twice the expanded uncertainty of measure-
ment at the 95 % probability level. The uncertainty
comprises contributions of the standard(s) used and the
instrument under test as well as contributions that are
related to the measuring procedure and to the in-
complete knowledge about the existing environmental
conditions (cf. 3).

Because of the uncertainty of measurement, meas-
urement results affected by measurement deviations
lying within the range of the uncertainty zones cannot
definitely be regarded as being, or not being, in con-
formity with the given tolerance requirement.

3.2 Relationship upon verification

In practice, measuring instruments are considered to
comply with the legal requirements for error limits if:

B the absolute value of the measurement deviations is
smaller than or equal to the absolute value of the
legally prescribed MPEs on verification when the test
is performed under prescribed test conditions; and

B the expanded uncertainty of measurement of the
previous quantitative metrological test (cf. 2.1), for a
coverage probability of 95 %, is small compared with
the legally prescribed error limits.

The expanded measurement uncertainty at the 95 %
probability level, U 4, is usually considered to be small
enough if the following relationship is fulfilled:

Uy s < L OMPEV (3)

L
3

where MPEV is the absolute value of the MPE on verifi-
cation. U, is, therefore, the maximum acceptable
value of the expanded measurement uncertainty of the
quantitative test.

The criteria for the assessment of compliance are
illustrated in Fig. 8 (cf.[5]): cases a, b, ¢ and d comply
with the requirements of the verification regulations,
whereas cases e and f will be rejected. Values in all cases,
including their uncertainty of measurement, lie within
the tolerances fixed by the MPEs in service.

Consequently, the MPE on verification of a newly
verified measuring instrument will in the worst case be
exceeded by 33 %. However, as the legally prescribed
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MPEs in service are valid for the instrument users, there
is, therefore, negligible risk in the sense that no
measured value under verification - even if the measure-
ment uncertainty is taken into account - will be outside
this tolerance band.

So far, the MPEs on verification may be seen as
supporting the conclusion that an instrument would be
in conformity with required MPEs in service (MPES)
taking into consideration the above-mentioned influ-
ences.

The advantages of this verification system are that it
is practical in terms of legal enforcement, and - due to
the widened tolerance band in service [MPES_; MPES ]
- it is potentially tolerant of external influences and of
drifts in indication over the legally fixed validity periods.
Verification validity only expires early in cases of un-
authorized manipulations and damage that could
reduce the accuracy of the instrument.

3.3 Relationship upon testing of working standards

In legal metrology, working standards are the standards
that are used routinely to verify measuring instruments.
In several economies, some of the working standards
used in legal metrology must be tested or verified
according to special regulations. The MPEs of such
working standards depend on their intended use. In
general, they should be significantly lower than the
expanded uncertainties that are required by equation

3).

al Trapegnidal disiribution:
Au=133 MWrER T 5T Re
X0~ MPEF x4 H'J:E;F:'.-" with f = 0,78

bl Trepazoidsl dyriution:
REER Y AT
# wih fs0,50

Xy HPEE-"‘-\.‘_ X .-l-l_,-".tm.l + MPES !:Iu.l.wu'l

%, w — 1A% MPEV ¥y + LX) MPEW

Fig. 9 Suggested probability distributions for evaluating the
standard uncertainty contribution of verified measuring

instruments.
a : immediately after verification
b : after prolonged use

MPEV : absolute value of the maximum permissible
error on verification

MPES : absolute value of the maximum permissible
error in service

%y - indication of the verified instrument when using
for measurements
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Usually, a working standard, e.g. mass (weight) [7], is
considered to comply with the respective requirements
for legal error limits if the difference between its indica-
tion, or measured value, and the corresponding value
realized by a reference standard is equal to or less than
the difference between the prescribed error limits,
MPE_, and the expanded uncertainty of measurement,

U0.95'

|st - xS| < MPEWS - U0.95 4)
where:

I = the indication of the working standard under test;
and

x, = the value provided by a reference standard.

In practice, this means that with respect to measure-
ment deviations, a tolerance band is defined that is
significantly reduced when compared with the range
between the legally prescribed error limits
[MPE ; MPE__ ] (see Fig. 4). The magnitude of this
tolerance band may be described by the interval
[MPE,, +U; MPE,_, - U.

This approach is consistent with the prescribed pro-
cedures for statements of conformity on calibration
certificates (cf. 1 and [4]).

4 Uncertainty contribution of verified
instruments

In practice, it is often necessary or desirable to deter-
mine the uncertainty of measurements that are carried
out by means of legally verified measuring instruments.
If only the positive statement of conformity with the
legal requirements is known, for example in the case of
verified instruments without a certificate, the uncer-
tainty of measurements for such instruments can be
derived only from the information available about the
prescribed error limits (on verification and in service)
and about the related uncertainty budgets according to
the requirements established in 2.2 and 3.2.

On the assumption that no further information is
available, according to the principle of maximum
entropy, the following treatment is justified:

B The range of values between the MPEs on verification
can be assumed to be equally probable.

B Due to uncertainty in measurement, the probability
that indications of verified instruments are actually
beyond the acceptance limits of the respective verifi-
cation declines in proportion to the increase in
distance from these limits. A trapezoidal probability



Table 2 System comparison of calibration and verification
(MPEV - maximum permissible errors on verification, MPES - maximum permissible errors in service)

technique

verification (as regards MPE in service)

Characteristics Verification Calibration
Bases s Legal requirements n Technical rules, norms, demands
of customers
Objective » Guarantee of indications within MPE in service 0 kit e Vet il
range during the validity period conventional true value (at nominated
defined accuracy level)
u Admissibility for use in the regulated area = Broad recognition of calibration results
Prerequisite » Admissibility for verification directly or with » Instrument should be able to be
type approval if required calibrated
Validity of the results = Within the period fixed for subsequent 2 At the moment of calibration under

specific calibration conditions

Evaluation of the results By the verifying body

Traceability

Uncertainty of measurement U< 1/3 OMPEV

Regulated by the procedure

By the user of the measuring

instruments

Calibration laboratory to provide

evidence

Depending on the technical competence

of the laboratory and of the instrument
performance

distribution according to Fig. 9 can, therefore, reflect
adequately the probable dispersion of the deviation of
verified measuring instruments.

Immediately after verification, the indications of
measuring instruments may exceed the MPEs on
verification by the maximum value of the expanded
uncertainty of measurements at most.

After prolonged use and under varying environmental
conditions, it can be assumed that the expanded
measurement uncertainty, compared with its initial
value, may have increased significantly.

In particular, the following evaluation of the un-

b) After prolonged use and under varying environ-
mental conditions, it can be assumed that, in the
worst case, the measurement error extended by the
measurement uncertainty will reach the values of the
MPEs in service. The resulting trapezoidal distri-
bution could more or less be represented by plot (b)
of Fig. 9. In this case, the following may be assumed
for the standard uncertainty contribution [2]:

Upnsr = @ Oy(1 + B2/ 6=0.9 TMPEV (6)

where:

certainty contribution of verified instruments seems to

be appropriate:

B=1/2

a) Immediately after verification, the trapezoidal prob-

a =2 [MPEV and

ability distribution of the errors according to plot (a)
of Fig. 9 can be taken as a basis for the determination
of the uncertainty contribution of the instruments.
The following may, therefore, be assumed for this
standard uncertainty contribution a1 g1 [21]:

U =@ V(1 + B2) / 6= 0.7 IMPEV 5)
where a = 1.33 OMPEV and =3/ 4.

MPEYV is the absolute value of the MPEs on verifica-
tion.

5 System comparison

Table 2 shows a comparison between verification and
calibration, which is partially based on Volkmann [8].
In conclusion, verification offers assurance of correct
measurements by a measuring instrument according to
its intended use especially for those instruments that
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require type evaluation and approval. It is based on
technical procedures equivalent to those used in cali-
bration and provides confidence in the correctness of
indications of verified instruments although no expert
knowledge by the instrument’s user is required.
Verification, therefore, may be considered a strong tool
in both legal metrology and quality assurance when
large numbers of measuring instruments are involved.
In particular, it excels as a simple means by which
enforcement can be realized, and because the user is
only affected by the MPEs in service, it provides a high
degree of confidence over a long time period.

KrLAUS-DIETER SOMMER

SAM CHAPPELL
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One disadvantage in verification is that the influence
of uncertainty on a decision of conformity of a measur-
ing instrument to specific requirements is not com-
pletely clear.

In comparison, traditional calibration is considered
an important basic procedure for legal metrology
activities and also for fundamental measurement
applications in scientific and industrial metrology. It is
practically not limited as far as the measurement task is
concerned, but does require sound expert knowledge on
the part of the instrument’s user in carrying out and
evaluating measurements. |
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