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1 INTRODUCTION

1.1 The general requirements that testing and calibration laboratories have to meet if they wish to
demonstrate that they operate to a quality system, are technically competent and are able to
generate technically valid results are contained within ISO/IEC 17025:2005. This international
standard forms the basis for international laboratory accreditation and in cases of differences in
interpretation remains the authoritative document at all times. M3003 is not intended as a
prescriptive document, and does not set out to introduce additional requirements to those in
ISO/IEC 17025:2005 but to provide amplification and guidance on the current requirements within
the international standard.

1.2 The purpose of these guidelines is to provide policy on the evaluation and reporting of
measurement uncertainty for testing and calibration laboratories. Related topics, such as
evaluation of compliance with specifications, are also included. A number of worked examples are
included in order to illustrate how practical implementation of the principles involved can be
achieved.

1.3 The guidance in this document is based on information in the Guide to the Expression of
Uncertainty in Measurement [1], hereinafter referred to as the GUM. M3003 is consistent with the
GUM both in methodology and terminology. It does not, however, preclude the use of other
methods of uncertainty evaluation that may be more appropriate to a specific discipline. For
example, the use of Bayesian statistics is becoming recognised as being particularly useful in
certain areas of testing.

1.4 M3003 is aimed both at the beginner and at those more experienced in the subject of
measurement uncertainty. In order to address the needs of an audience with a wide spectrum of
experience, the subject is introduced in relatively straightforward terms and gives details of the
basic concepts involved. Cross-references are made to a number of Appendices, where more
detailed information is presented for those who wish to obtain a deeper understanding of the
subject.

1.5 Edition 2 of M3003 is a complete revision of the previous issue and it is impractical to list all the
changes in detail. Some of the more notable changes or additions are as follows:

1.5.1 An overview of the basic concepts relating to uncertainty evaluation is given in Section 2 to
introduce these ideas to those new to the subject. This is then expanded upon in Section 3, which
gives more formal detail.

1.5.2 ISO/IEC 17025:2005 criteria, which were not in place when Edition 1 was published, have been
considered.

1.5.3 A section on derivation of the measurement model has been included.

1.5.4 Concepts are accompanied by simple worked examples as they are introduced.

1.5.5 A number of diagrams illustrating the concepts have been included.

1.5.6 Further detail has been included regarding dominant contributions.

1.5.7 The subject of compliance with specification has been explored in more detail.
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2 OVERVIEW

2.1 In many aspects of everyday life, we are accustomed to the doubt that arises when estimating how
large or small things are. For example, if somebody asks, “what do you think the temperature of
this room is?” we might say, “it is about 23 degrees Celsius”. The use of the word “about” implies
that we know the room is not exactly 23 degrees, but is somewhere near it. In other words, we
recognise that there is some doubt about the value of the temperature that we have estimated.

2.2 We could, of course, be a bit more specific. We could say, “it is 23 degrees Celsius give or take a
couple of degrees”. The term “give or take” implies that there is still doubt about the estimate, but
now we are assigning limits to the extent of the doubt. We have given some quantitative
information about the doubt, or uncertainty, of our estimate.

2.3 It is also quite reasonable to assume that we may be more sure that our estimate is within, say, 5
degrees of the “true” room temperature than we are that it is within 2 degrees. The larger the
uncertainty we assign, the more confident we are that it encompasses the “true” value. Hence, for a
given situation, the uncertainty is related to the level of confidence.

2.4 So far, our estimate of the room temperature has been based on a subjective evaluation. This is
not entirely a guess, as we may have experience of exposure to similar and known environments.
However, in order to make a more objective measurement it is necessary to make use of a
measuring instrument of some kind; in this case we can use a thermometer.

2.5 Even if we use a measuring instrument, there will still be some doubt, or uncertainty, about the
result. For example we could ask:

“Is the thermometer accurate?”

“How well can I read it?”

“Is the reading changing?”

“I am holding the thermometer in my hand. Am I warming it up?”

“The relative humidity in the room can vary considerably. Will this affect my results?”

“Does it matter where in the room I take the measurement?”

All these factors, and possibly others, may contribute to the uncertainty of our measurement of the
room temperature.

2.6 In order to quantify the uncertainty of the room temperature measurement we will therefore have to
consider all the factors that could influence the result. We will have to make estimates of the
possible variations associated with these influences. Let us consider the questions posed above.
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2.7 Is the thermometer accurate?

2.7.1 In order to find out, it will be necessary to compare it with a thermometer whose accuracy is better
known. This thermometer, in turn, will have to be compared with an even better characterised one,
and so on. This leads to the concept of traceability of measurements, whereby measurements at all
levels can be traced back to agreed references. In most cases, ISO/IEC17025:2005 requires that
measurements are traceable to SI units. This is usually achieved by an unbroken chain of
comparisons to a national metrology institute, which maintains measurement standards that are
directly related to SI units.

In other words, we need a traceable calibration. This calibration itself will provide a source of
uncertainty, as the calibrating laboratory will assign a calibration uncertainty to the reported values.
When used in a subsequent evaluation of uncertainty, this is often referred to as the imported
uncertainty.

2.7.2 In terms of the thermometer accuracy, however, a traceable calibration is not the end of the story.
Measuring instruments change their characteristics as time goes by. They “drift”. This, of course, is
why regular recalibration is necessary. It is therefore important to evaluate the likely change since
the instrument was last calibrated.

If the instrument has a reliable history it may be possible to predict what the reading error will be at
a given time in the future, based on past results, and apply a correction to the reading. This
prediction will not be perfect and therefore an uncertainty on the corrected value will be present. In
other cases, the past data may not indicate a reliable trend, and a limit value may have to be
assigned for the likely change since the last calibration. This can be estimated from examination of
changes that occurred in the past. Evaluations made using these methods yield the uncertainty due
to secular stability, or changes with time, of the instrument. This is also known as “drift”.

2.7.3 There are other possible influences relating to the thermometer accuracy. For example, suppose
we have a traceable calibration, but only at 15 °C, 20 °C and 25 °C. What does this tell us about its
indication error at 23 °C?

In such cases we will have to make an estimate of the error, perhaps using interpolation between
points where calibration data is available. This is not always possible as it depends on the
measured data being such that accurate interpolation is practical. It may then be necessary to use
other information, such as the manufacturer’s specification, to evaluate the additional uncertainty
that arises when the reading is not directly at a point that has been calibrated.

2.8 How well can I read it?

2.8.1 There will inevitably be a limit to which we can resolve the reading we observe on the thermometer.
If it is a liquid-in-glass thermometer, this limit will often be imposed by our ability to interpolate
between the scale graduations. If it is a thermometer with a digital readout, the finite number of
digits in the display will define the limit.

2.8.2 For example, suppose the last digit of a digital thermometer can change in steps of 0.1 °C. The
reading happens to be 23.4 °C. What does this mean in terms of uncertainty?

The reading is a rounded representation of an infinite continuum of underlying values that the
thermometer would indicate if it had more digits available. In the case of a reading of 23.4 °C, this
means that the underlying value cannot be less than 23.35 °C, otherwise the rounded reading
would be 23.3 °C. Similarly, the underlying value cannot be more than 23.45 °C, otherwise the
rounded reading would be 23.5 °C.

A reading of 23.4 °C therefore means that the underlying value is somewhere between 23.35 °C
and 23.45 °C. In other words, the 0.1 °C resolution of the display has caused a rounding error
somewhere between –0.05 °C and +0.05 °C. As we have no way of knowing where in this range
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2.11.4 The significance of a particular aspect of the environment has to be considered in the light of the
specific measurement being made. It is difficult to see how, for example, gravity could significantly
influence the reading on a digital thermometer. However, it certainly will affect the results obtained
on a precision weighing machine that might be right next to the thermometer!

2.11.5 The following environmental effects are amongst the most commonly encountered when
considering measurement uncertainty:

Temperature
Relative humidity
Barometric pressure
Electric or magnetic fields
Gravity
Electrical supplies to measuring equipment
Air movement
Vibration
Light and optical reflections

Furthermore, some of these influences may have little effect as long as they remain constant, but
could affect measurement results when they start changing. Rate of change of temperature can be
particularly important.

2.11.6 It can be seen by now that understanding of a measurement system is important in order to identify
and quantify the various uncertainties that can arise in a measurement situation. Conversely,
analysis of uncertainty can often yield a deeper understanding of the system and reveal ways in
which the measurement process can be improved. This leads on to the next question…

2.12 Does it matter where in the room I make the measurement?

2.12.1 It depends what we are trying to measure! Are we interested in the temperature at a specific
location? Or the average of the temperatures encountered at any location within the room? Or the
average temperature at bench height?

2.12.2 There may be further, related questions. For example, do we require the temperature at a particular
time of day, or the average over a specific period of time?

2.12.3 Such questions have to be asked, and answered, in order that we can devise an appropriate
measurement method that gives us the information we require. Until we know the details of the
method, we are not in a position to evaluate the uncertainties that will arise from that method.

2.12.4 This leads to what is perhaps the most important question of all, one that should be asked before
we even start with our evaluation of uncertainty:

2.13 “What exactly is it that I am trying to measure?”

2.13.1 Until this question is answered, we are not in a position to carry out a proper evaluation of the
uncertainty. The particular quantity subject to measurement is known as the measurand. In order to
evaluate the uncertainty in a measurement system, we must define the measurand otherwise we
are not in a position to know how a particular influence quantity affects the value we obtain for it.

2.13.2 The implication of this is that there has to be a defined relationship between the influence quantities
and the measurand. This relationship is known as the mathematical model. This is an equation that
describes how each influence quantity affects the value assigned to the measurand. In effect, it is a
description of the measurement process. Further details about the derivation of the mathematical
model can be found in Appendix D. A proper analysis of this process also gives the answer to
another important question:
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2.14 “Am I actually measuring the quantity that I thought I was measuring?”

2.14.1 Some measurement systems are such that the result would be only an approximation to the “true”
value, even if no other uncertainties were present, because of assumptions and approximations
inherent in the method. The model should include any such assumptions and therefore
uncertainties that arise from them will be accounted for in the analysis.

2.15 Summary

2.15.1 This section of M3003 has given an overview of uncertainty and some insights into how
uncertainties might arise. It has shown that we have to know our measurement system and the way
in which the various influences can affect the result. It has also shown that analysis of uncertainty
can have positive benefits in that it can reveal where enhancements can be made to measurement
methods, hence improving the reliability of measurement results.

2.15.2 The following sections of M3003 explore the issues identified in this overview in more detail.
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3 IN MORE DETAIL…

3.1 The Overview section of M3003 has provided an introduction to the subject of uncertainty evaluation
and has explored a number of the issues involved. This section provides a more formal description of
these processes, using terminology consistent with that in the GUM.

3.2 A quantity (Q) is a property of a phenomenon, body or substance to which a magnitude can be
assigned. The purpose of a measurement is to assign a magnitude to the measurand; the quantity
intended to be measured. The assigned magnitude is considered to be the best estimate of the value
of the measurand.

3.3 The uncertainty evaluation process will encompass a number of influence quantities that affect the
result obtained for the measurand. These influence, or input, quantities are referred to as X and the
output quantity, i.e., the measurand, is referred to as Y.

3.4 As there will usually be several influence quantities, they are differentiated from each other by the
subscript i, So there will be several input quantities called Xi, where i represents integer values from 1
to N, N being the number of such quantities. In other words, there will be input quantities of X1, X2, …
XN.

3.5 Each of these input quantities will have a corresponding value. For example, one quantity might be the
temperature of the environment – this will have a value, say 23 °C. A lower-case “x” represents the
values of the quantities. Hence the value of X1 will be x1, that of X2 will be x2, and so on.

3.6 The purpose of the measurement is to determine the value of the measurand, Y. As with the input
uncertainties, the value of the measurand is represented by the lower-case letter, i.e. y. The
uncertainty associated with y will comprise a combination of the input, or xi, uncertainties. One of the
first steps is to establish the mathematical relationship between the values of the input quantities, xi,
and that of the measurand, y. This process is examined in Appendix D.

3.7 The values xi of the input quantities Xi will all have an associated uncertainty. This is referred to as
u(xi), i.e. “the uncertainty of xi”. These values of u(xi) are known as standard uncertainties – but more
on this shortly.

3.8 Some uncertainties, particularly those associated with the determination of repeatability, have to be
evaluated by statistical methods. Others have been evaluated by examining other information, such as
data in calibration certificates, evaluation of long-term drift, consideration of the effects of environment,
etc.

3.9 The GUM differentiates between statistical evaluations and those using other methods. It categorises
them into two types – Type A and Type B.

3.10 A Type A evaluation of uncertainty is carried out using statistical analysis of a series of observations.
Further details about Type A evaluations can be found in Section 4.

3.11 A Type B evaluation of uncertainty is carried out using methods other than statistical analysis of a
series of observations. Further details about Type B evaluations can be found in Section 5.

3.12 In paragraph 3.3.4 of the GUM it is stated that the purpose of the Type A and Type B classification is to
indicate the two different ways of evaluating uncertainty components, and is for convenience in
discussion only. Whether components of uncertainty are classified as `random' or `systematic' in relation
to a specific measurement process, or described as Type A or Type B depending on the method of
evaluation, all components regardless of classification are modelled by probability distributions quantified
by variances or standard deviations.
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3.13 Therefore any convention as to how they are classified does not affect the estimation of the total
uncertainty. But it should always be remembered that, in this publication, when the terms `random' and
`systematic' are used they refer to the effects of uncertainty on a specific measurement process. It is the
usual case that random components require Type A evaluations and systematic components require
Type B evaluations, but there are exceptions.

3.14 For example, a random effect can produce a fluctuation in an instrument's indication, which is both
noise-like in character and significant in terms of uncertainty. It may then only be possible to estimate
limits to the range of indicated values. This is not a common situation but when it occurs a Type B
evaluation of the uncertainty component will be required. This is done by assigning limit values and an
associated probability distribution, as in the case of other Type B uncertainties.

3.15 The input uncertainties, associated with the values xi of the influence quantities Xi, arise in a number of
forms. Some may be characterised as limit values within which little is known about the most likely
place within the limits where the “true” value may lie. A good example of this is the numeric rounding
caused by finite resolution described in paragraph 2.8. In this example, it is equally likely that the
underlying value is anywhere within the defined limits of ± half of the change represented by one
increment of the last displayed digit. This concept is illustrated in Figure 1.

3.16 a a

probability p

xi - a xi x i + a
Figure 1

The expectation value xi lies in the centre of a distribution of possible values
with a half-width, or semi-range, of a.

3.17 In the resolution example, a = 0.5 of a least significant digit.

3.18 It can be seen from this that there is equal probability of the value of xi being anywhere within the
range xi - a to xi + a, and zero probability of it being outside these limits.

3.19 Thus, a contribution of uncertainty from the influence quantity can be characterised as a probability
distribution, i.e. a range of possible values with information about the most likely value of the input
quantity xi. In this example, it is not possible to say that any particular position of xi within the range is
more or less likely than any other. This is because there is no information available upon which to
make such a judgement.

3.20 The probability distributions associated with the input uncertainties are therefore a reflection of the
available knowledge about that particular quantity. In many cases, there will be insufficient information
available to make a reasoned judgement and therefore a uniform, or rectangular, probability
distribution has to be assumed. Figure 1 is an example of such a distribution.

3.21 If more information is available, it may be possible to assign a different probability distribution to the
value of a particular input quantity. For example, a measurement may be taken as the difference in
readings on a digital scale – typically, the zero reading will be subtracted from a reading taken further
up the scale. If the scale is linear, both of these readings will have an associated rectangular
distribution of identical size. If two identical rectangular distributions, each of magnitude ± a, are
combined then the resulting distribution will be triangular with a semi-range of ± 2a.
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probability p

xi - 2a xi xi + 2a

Figure 2

Combination of two identical rectangular distributions, each
with semi-range limits of ± a, yields a triangular distribution
with a semi-range of ± 2a.

3.22 There are other possible distributions that may be assigned. For example, when making
measurements of radio-frequency power an uncertainty arises due to imperfect matching between the
source and the termination. The imperfect match usually involves an unknown phase angle. This
means that a cosine function characterises the probability distribution for the uncertainty. Harris and
Warner[3] have shown that a symmetrical U-shaped probability distribution arises from this effect. In
this example, the distribution has been evaluated from a theoretical analysis of the principles involved.

xi - a xi xi + a

Figure 3

U-shaped distribution, associated with RF mismatch uncertainty. For this
situation, xi is likely to be close to one or other of the edges of the
distribution.

3.23 An evaluation of the effects of non-repeatability, performed by statistical methods, will usually yield a
Gaussian or normal distribution. Further details on this process can be found in Section 4.
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y
5.275 m

y – 0.0863 m y + 0.0863 m
Figure 5

The measured value y is at the centre of a normal distribution
with a standard deviation equal to uc(y). The figures shown
relate to the example discussed above.

3.42 For a normal distribution, 1 standard deviation encompasses 68.27% of the area under the curve. This
means that there is about 68% confidence that the measured value y lies within the stated limits.

3.43 The GUM recognises the need for providing a high level of confidence – referred to herein as coverage
probability - associated with an uncertainty and uses the term expanded uncertainty, U, which is obtained
by multiplying the combined standard uncertainty by a coverage factor. The coverage factor is given the
symbol k, thus the expanded uncertainty is given by

U = k uc(y). (2)

3.44 In accordance with generally accepted international practice, it is recommended that a coverage factor of
k = 2 is used to calculate the expanded uncertainty. This value of k will give a coverage probability of
approximately 95%, assuming a normal distribution.

NOTE: A coverage factor of k = 2 actually provides a coverage probability of 95.45% for a normal distribution. For convenience this
is approximated to 95% which would relate to a coverage factor of k = 1.96. However, the difference is not generally significant
since, in practice, the coverage probability is usually based on conservative assumptions and approximations to the true probability
distributions.

3.45 Example: The measurement of the height of the flagpole had a combined standard uncertainty uc(y) of
0.0863 m. Hence the expanded uncertainty U = k uc(y) = 2 x 0.0863 = 0.173 m.

3.46 There may be situations where a normal distribution cannot be assumed and a different coverage
factor may be needed in order to obtain a coverage probability of approximately 95%. Such situations
are described in Appendix B and Appendix C.

3.47 There may also be situations where a normal distribution can be assumed, but a different coverage
probability is required. For example, in safety-critical situations a higher coverage probability may be
more appropriate. The table below gives the coverage factor necessary to obtain various levels of
confidence for a normal distribution.

Coverage probability Coverage factor
p k

90% 1.64
95% 1.96

95.45% 2.00
99% 2.58

99.73% 3.00
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5 TYPE B EVALUATION OF STANDARD UNCERTAINTY

5.1 It is probable that systematic components of uncertainty, i.e. those that account for errors that remain
constant while the measurement is made, will be estimated from Type B evaluations. The most
important of these systematic components, for a reference instrument, will often be the imported
uncertainties associated with its own calibration. However, there can be, and usually are, other
important contributions to systematic errors in measurement that arise in the equipment user's own
laboratory.

5.2 The successful identification and evaluation of these contributions depends on a detailed knowledge
of the measurement process and the experience of the person making the measurements. The need
for the utmost vigilance in preventing mistakes cannot be overemphasised. Common examples are
errors in the corrections applied to values, transcription errors, and faults in software designed to
control or report on a measurement process. The effects of such mistakes cannot readily be included
in the evaluation of uncertainty.

5.3 In evaluating the components of uncertainty it is necessary to consider and include at least the
following possible sources:

(a) The reported calibration uncertainty assigned to reference standards and any drift or instability in their
values or readings.

(b) The calibration of measuring equipment, including ancillaries such as connecting leads etc., and any
drift or instability in their values or readings.

(c) The equipment or item being measured, for example its resolution and any instability during the
measurement. It should be noted that the anticipated long-term performance of the item being
calibrated is not normally included in the uncertainty evaluation for that calibration.

(d) The operational procedure.

(e) Variability between different staff carrying out the same type of measurement.

(f) The effects of environmental conditions on any or all of the above.

5.4 Whenever possible, corrections should be made for errors revealed by calibration or other sources;
the convention is that an error is given a positive sign if the measured value is greater than the
conventional true value. The correction for error involves subtracting the error from the measured
value. On occasions, to simplify the measurement process it may be convenient to treat such an
error, when it is small compared with other uncertainties, as if it were a systematic uncertainty equal
to (±) the uncorrected error magnitude.

5.5 Having identified all the possible systematic components of uncertainty based as far as possible on
experimental data or on theoretical grounds, they should be characterised in terms of standard
uncertainties based on the assessed probability distributions. The probability distribution of an
uncertainty obtained from a Type B evaluation can take a variety of forms but it is generally
acceptable to assign well-defined geometric shapes for which the standard uncertainty can be
obtained from a simple calculation. These distributions and sample calculations are presented in
detail in paragraphs 3.15 to 3.22.
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6 REPORTING OF RESULTS

6.1 After the expanded uncertainty has been calculated for a coverage probability of 95% the value of
the measurand and expanded uncertainty should be reported as y ± U and accompanied by the
following statement of confidence:

6.2 "The reported expanded uncertainty is based on a standard uncertainty multiplied by a coverage
factor k = 2, providing a coverage probability of approximately 95%. The uncertainty evaluation has
been carried out in accordance with UKAS requirements".

6.3 In cases where the procedure of Appendix B has been followed the actual value of the coverage
factor should be substituted for k = 2 and the following statement used:

6.4 "The reported expanded uncertainty is based on a standard uncertainty multiplied by a coverage
factor k = XX, which for a t-distribution with veff = YY effective degrees of freedom corresponds to a
coverage probability of approximately 95%. The uncertainty evaluation has been carried out in
accordance with UKAS requirements".

6.5 For the purposes of this document "approximately" is interpreted as meaning sufficiently close that
any difference may be considered insignificant.

6.6 In the special circumstances where a dominant non-Gaussian Type B contribution occurs refer to
Appendix C. If uncertainty is being reported as an analytical expression, refer to Appendix L .

6.7 Uncertainties are usually expressed in bilateral terms (±) either in units of the measurand or as
relative values, for example as a percentage (%), parts per million (ppm), 1 in 10X, etc. However there
may be situations where the upper and lower uncertainty values are different; for example if cosine
errors are involved. If such differences are small then the most practical approach is to report the
expanded uncertainty as ± the larger of the two. However if there is a significant difference between
the upper and lower values then they should be evaluated and reported separately.

6.8 The number of figures in a reported uncertainty should always reflect practical measurement
capability. In view of the process for estimating uncertainties it is seldom justified to report more than
two significant figures. It is therefore recommended that the expanded uncertainty be rounded to two
significant figures, using the normal rules of rounding. The numerical value of the measurement result
should in the final statement normally be rounded to the least significant figure in the value of the
expanded uncertainty assigned to the measurement result.

6.9 Rounding should always be carried out at the end of the process in order to avoid the effects of
cumulative rounding errors.
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APPENDIX A
BEST MEASUREMENT CAPABILITY

A1 Best measurement capability (BMC) is a term normally used to describe the uncertainty that appears
in an accredited calibration laboratory's schedule of accreditation and is the uncertainty for which the
laboratory has been accredited using the procedure that was the subject of assessment. The best
measurement capability should be calculated according to the procedures given in this document and
should normally be quoted as an expanded uncertainty at a coverage probability of 95%, which
usually requires the use of a coverage factor of k = 2.

A2 An accredited laboratory is not permitted to report an uncertainty smaller than their accredited best
measurement capability but may report an equal or larger uncertainty. Since the magnitude of the
uncertainty reported on a certificate of calibration will often depend on properties of the device being
calibrated any definition of best measurement capability should not include uncertainties that are
dependent on this device. However, no device is perfect and so the concept of “nearly ideal” is used
in association with the evaluation of a BMC. It may also be the case that an accredited laboratory can
achieve a particular uncertainty if conditions are optimum but cannot achieve this uncertainty
routinely.

A3 In order to promote harmony between accredited laboratories and between accreditation bodies the
EA has adopted the following definition of best measurement capability:

The smallest uncertainty of measurement a laboratory can achieve within its scope of accreditation,
when performing more or less routine calibrations of nearly ideal measurement standards intended to
define, realize, conserve or reproduce a unit of that quantity or one or more of its values, or when
performing more or less routine calibrations of nearly ideal measuring instruments designed for the
measurement of that quantity.

In other words "best measurement capability" is the smallest uncertainty a laboratory can achieve
when performing more or less routine calibrations on a nearly ideal device being calibrated.

A4 A nearly ideal device is one that is available but does not necessarily represent the majority of
devices that the laboratory may be asked to calibrate. The properties of these devices that are
considered to be nearly ideal will depend on the field of calibration but may include an instrument with
very low random fluctuations, negligible temperature coefficient, very low voltage reflection coefficient
etc. The uncertainty budget that is intended to demonstrate the best measurement uncertainty should
still include contributions from the properties of the device being calibrated that are considered to be
nearly ideal but the value of the uncertainty may be entered as zero or a negligible value, if this is the
case. Where necessary the laboratory's schedule of accreditation will include a remark that describes
the conditions under which the best measurement capability can be achieved.

A5 By "more or less routine calibrations" it is meant that the laboratory shall be able to achieve the stated
capability in the normal work that it performs under its accreditation and, by implication, using the
procedures, equipment and facilities that were the subject of the assessment. Where a smaller
uncertainty can be achieved by, for example, taking a large number of readings this should be
considered when arriving at the budget for the best measurement capability and would therefore be
within the "more or less routine" conditions.
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A6 It is sometimes the case that a laboratory may wish to be accredited for a measurement uncertainty
that is larger than it can actually achieve. If the principles of this document are followed when
constructing the uncertainty budget the resulting expanded uncertainty should be a realistic
representation of the laboratory’s measurement capability. If this is smaller than the uncertainty the
laboratory wishes to be accredited for and report on their certificates of calibration, the implication is
that the laboratory is uncomfortable in some way about the magnitude of the expanded uncertainty. If
this is the case then the contributions to the uncertainty budget should be reviewed and consideration
given to making more conservative allowances as necessary.

A7 It can be the case that some calibration laboratories offer a best measurement capability with very
small uncertainties but these are not routinely offered for everyday calibrations. This is because
they will maintain their own reference standards, upon which the BMC is based, but use subsidiary
equipment – often automated – for routine work. The contract review arrangements between the
laboratory and its customer should define the level of service being offered.

A8 In some cases the best measurement capability quoted in a laboratory's schedule has to cover a two
(or more) dimensional range of measured values, such as different levels and frequencies, and it may
not be practical to give the actual uncertainty for all possible values of the quantities. In these cases
the best measurement capability may be given as a range of uncertainties appropriate to the upper
and lower values of the uncertainty that has been calculated for the range of the quantity, or may be
described as an expression. Guidance about the expression of uncertainty over a range of values is
presented in Appendix L.
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APPENDIX E
SOME SOURCES OF ERROR AND UNCERTAINTY IN ELECTRICAL CALIBRATIONS

The following is a description of the more common sources of systematic error and uncertainty (after
correction) in electrical calibration work, with brief comments about their nature. Further, more detailed,
advice is given in specialised technical publications and manufacturers’ application notes, as well as other
sources.

E1 Imported uncertainty

E1.1 The uncertainties assigned to the values on a calibration certificate for the calibration of an instrument,
whether measuring equipment or a reference standard, are all contributors to the uncertainty budget.

E2 Secular stability

E2.1 The performance of all instruments, and the values of reference standards, must be expected to change
to some extent with the passage of time. Passive devices such as standard resistors or high-grade RF
and microwave attenuators may be expected to drift slowly with time. An estimate of such a drift has to
be assessed on the basis of values obtained from previous calibrations. It cannot be assumed that a drift
will be linear. Data can be assimilated readily if displayed in a graphical form. A curve fitting procedure
that gives a progressively greater weight to each of the more recent calibrations can be used to allow the
most probable value at the time of use to be assessed. The degree of complexity in curve fitting is a
matter of judgement; in some cases drawing a smooth curve through the chosen data points by hand
can be quite satisfactory. Whenever a new calibration is obtained the drift characteristic will need re-
assessment. The corrections that are applied for drift are subject to uncertainty based on the scatter of
data points about the drift characteristic. The magnitude of the drift and the random instability of an
instrument, and the accuracy required will determine the calibration interval.

E2.2 With complex electronic equipment it is not always possible to follow this procedure as changes in
performance can be expected to be more random in nature over relatively long periods. Checks against
passive standards can establish whether compliance to specification is being maintained or whether a
calibration with subsequent equipment adjustment is needed. The manufacturer’s specification can be a
good starting point for assigning the uncertainty due to instrument drift, but should be confirmed by
analysis of quality control and calibration data.

E3 Environmental conditions

E3.1 The laboratory measurement environment can be one of the most important considerations when
performing electrical calibrations. Ambient temperature is often the most important influence and
information on the temperature coefficient of, for example, resistance standards has to be sought or
determined. Variations in relative humidity can also affect the values of unsealed components. The
influence of barometric pressure on certain electrical measurement standards can also be significant. At
RF and microwave frequencies, ambient temperature can affect the performance of, for example,
attenuators, impedance standards that depend on mechanical dimensions for their values and other
precision components. Devices that incorporate thermal sensing, such as power sensors, can be affected
by rapid temperature changes that can be introduced by handling or exposure to sunlight or other sources
of heat.
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E3.2 It is also necessary to be aware of the possible effects of electrical operating conditions, such as power
dissipation, harmonic distortion, or level of applied voltage being different when a device is in use from
when it was calibrated. Resistance standards, resistive voltage dividers and attenuators at any frequency
are examples of devices being affected by self-heating and/or applied voltage. It should also be ensured
that all equipment is operating within the manufacturer's stated range of supply voltages.

E3.3 The effects of harmonics and noise on ac calibration signals may have an influence on the apparent value
of these signals. Similarly, the effects of any common-mode signals present in a measurement system may
have to be accounted for.

E4 Interpolation of calibration data

E4.1 When an instrument with a broad range of measurement capabilities is calibrated there are practical and
economic factors that limit the number of calibration points. Consequently the value of the quantity to be
measured and/or its frequency may be different from any of the calibration points. When the value of the
quantity lies between two calibration values, consideration needs to be given to systematic errors that arise
from, for example, scale non-linearity.

E4.2 If the measurement frequency falls between two calibration frequencies, it will also be necessary to assess
the additional uncertainty due to interpolation that this can introduce. One can only proceed with
confidence if:

(a) a theory of instrument operation is known from which one can predict a frequency characteristic, or there is
additional frequency calibration data from other models of the same instrument,

and wherever reasonable,

(b) the performance of the actual instrument being used has been explored with a swept frequency
measurement system to verify the absence of resonance effects or aberrations due to manufacturing or
other performance limitations.

E5 Resolution

E5.1 The limit to the ability of an instrument to indicate small changes in the quantity being measured, referred
to as resolution or “digital rounding error”, is treated as a systematic component of uncertainty.

E5.2 Many instruments with a digital display use an analogue-to digital converter (ADC) to convert the
analogue signal under investigation into a form that can be displayed in terms of numeric digits. The last
displayed digit will be a rounded representation of the underlying analogue signal. The error introduced
by this process will be from - 0.5 digit (else the last digit would be one lower) to + 0.5 digit (else the last
digit would be one higher). A quantisation error of ± 0.5 digit is therefore present. As there is no way of
knowing where within this range the underlying value is, the resulting error is assumed to be zero with
limits of ± 0.5 digit.

E5.3 This “digital rounding error” of ± 0.5 digit may not apply in all instances and an understanding of
instrument operation is needed if the assigned uncertainty is to be realistic. For example, a direct-gating
frequency counter has a digital rounding error of ± 1 digit, due to the random relationship between the
signal being measured and the internal clock. Some instruments may also display hysteresis that,
although not necessarily a property of the display itself, may result in further uncertainties amounting to
several digits.

E5.4 In an analogue instrument the effect of resolution is determined by the practical ability to read the position
of a pointer on a scale. In either case, the last digit actually recorded will always be subject to an
uncertainty of at least ± 0.5 digit. The presence of electrical noise causing fluctuations in instrument
readings will commonly determine the usable resolution, however it is possible to make a good estimate of
the mean position of a fluctuating pointer by eye.
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E6 Apparatus layout

E6.1 The physical layout of one item of equipment with respect to another and the relationship of these items to
the earth plane can be important in some measurements. Thus a different arrangement between
calibration and subsequent use of an instrument may be the source of systematic errors. The main effects
are leakage currents to earth, interference loop currents, and electromagnetic leakage fields. In inductance
measurements it is necessary to define connecting lead configuration and be conscious of the possible
effects of an earth plane or adjacent ferromagnetic material. The effect of mutual heating between
apparatus may also need to be considered.

E7 Thermoelectric voltages

E7.1 If an electrical conductor passes through a temperature gradient then a potential difference will be
generated across that gradient. This is known as the Seebeck effect and these unwanted, parasitic
voltages can cause errors in some measurement systems – in particular, where small dc voltages are
being measured.

E7.2 They can be minimised by design of connections that are thermally symmetrical, so that the Seebeck
voltage in one lead is cancelled by an identical and opposite voltage in the other. In some situations, e.g.
ac/dc transfer measurements, the polarity of the dc supply is reversed and an arithmetic mean is taken of
two sets of dc measurements.

E7.3 Generally an allowance has to be made as a Type B component of uncertainty for the presence of thermal
emfs.

E8 Loading and cable impedance

E8.1 The finite input impedance of voltmeters, oscilloscopes and other voltage sensing instruments may so load
the circuit to which they are connected as to cause significant systematic errors. Corrections may be
possible if impedances are known. In particular, it should be noted that some multi-function calibrators can
exhibit a slightly inductive output impedance. This means that when a capacitive load is applied, the
resulting resonance may cause the output voltage to increase with respect to its open-circuit value.

E8.2 The impedance and finite electrical length of connecting leads or cables may also result in systematic
errors in voltage measurements at any frequency. The use of four-terminal connections minimises such
errors in some dc and ac measurements.

E8.3 For capacitance measurements, the inductive properties of the connecting leads may be important,
particularly at higher values of capacitance and/or frequency. Similarly, for inductance measurements the
capacitance between connecting leads may be important.

E9 RF mismatch errors and uncertainty

E9.1 At RF and microwave frequencies the mismatch of components to the characteristic impedance of the
measurement system transmission line can be one of the most important sources of error and of the
systematic component of uncertainty in power and attenuation measurements. This is because the phases
of voltage reflection coefficients are not usually known and hence corrections cannot be applied.
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APPENDIX F
SOME SOURCES OF ERROR AND UNCERTAINTY IN MASS CALIBRATIONS

This Appendix describes the more common sources of errors and uncertainties in mass calibration with
brief comments about their nature. They may not all be significant at all levels of measurement, but their
effect should at least be considered when estimating the overall uncertainty of a measurement. Further
information about mass calibration can be found in reference [6].

F1 Reference weight calibration

F1.1 The uncertainties assigned to the values on a calibration certificate for the calibration of the reference
weights are all contributors to the uncertainty budget.

F2 Secular stability of reference weights

F2.1 It is necessary to take into account the likely change in mass of the reference weights since their last
calibration. This change can be estimated from the results of successive calibrations of the reference
weights. If such a history is not available, then it is usual to assume that they may change in mass by an
amount equal to their uncertainty of calibration between calibrations. The stability of weights can be
affected by the material and quality of manufacture (e.g., ill-fitting screw knobs), surface finish, unstable
adjustment material, physical wear and damage and atmospheric contamination. The figure adopted for
stability will need to be reconsidered if the usage or environment of the weights changes. The calibration
interval for reference weights will depend on the stability of the weights.

F3 Weighing machine/weighing process

F3.1 The performance of the weighing machine used for the calibration should be assessed to estimate the
contribution it makes to the overall uncertainty of the weighing process. The performance assessment
should cover those attributes of the weighing machine that are significant to the weighing process. For
example, the length of arm error (assuming it is constant) of an equal arm balance need not be assessed if
the weighing process only uses substitution techniques (Borda's method). The assessment may include
some or all of the following:

(a) repeatability of measurement;

(b) linearity within the range used;

(c) digit size/weight value per division, i.e. readability;

(d) eccentricity (off centre load), especially if groups of weights are placed on the weighing pan
simultaneously;

(e) magnetic effects (e.g. magnetic weights, or the effect of force balance motors on cast iron weights);

(f) temperature effects, e.g. differences between the temperature of the weights and the weighing machine;

(f) length of arm error.
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APPENDIX G
SOME SOURCES OF ERROR AND UNCERTAINTY IN TEMPERATURE CALIBRATIONS

The more common sources of systematic error and uncertainty in the measurement of temperature are
described in this section. Each source may have several uncertainty components.

G1 Reference thermometer calibration

G1.1 The uncertainties assigned to the values on a calibration certificate for the calibration of the reference
thermometer are all contributors to the uncertainty budget.

G2 Measuring instruments

G2.1 The uncertainty assigned to the calibration of any electrical or other instruments used in the
measurements, e.g. standard resistors, measuring bridges and digital multimeters.

G3 Further influences

G3.1 Additional uncertainties in the measurement of the temperature using the reference thermometers:

(a) Drift since the last calibration of the reference thermometers and any associated measuring instruments;

(b) Resolution of reading; this may be very significant in the case of a liquid-in-glass thermometer or digital
thermometers;

(c) Instability and temperature gradients in the thermal environment, e.g., the calibration bath or furnace,
including any contribution due to difference in immersion of the reference standard from that stated on its
certificate of calibration;

(d) When platinum resistance thermometers are used as reference standards any contribution to the
uncertainty due to self-heating effects should be considered. This will mainly apply if the measuring current
is different from that used in the original calibration and/or the conditions of measurement e.g., `in air' or in
stirred liquid.

G4 Contributions associated with the thermometer to be calibrated

G4.1 These may include factors associated with electrical indicators as well as some of the further influences
already mentioned. When partial immersion liquid-in-glass thermometers are to be calibrated an additional
uncertainty contribution to account for effects arising from differences in depth of immersion should be
included even when the emergent column temperature is measured.

G4.2 When thermocouples are being calibrated any uncertainty introduced by compensating leads and
reference junctions should be taken into account. Similarly any thermal emfs introduced by switches or
scanner units should be investigated. Unknown errors arising from inhomogeneity of the thermocouple
being calibrated can give rise to significant uncertainties. Ideally this should be evaluated at the time of
calibration, possibly by varying the immersion depth of the thermocouple in an isothermal enclosure. For
many calibrations, however, this will not be practical. In such cases, a figure of 20% of the maximum
permissible error for the particular thermocouple type is considered reasonable.

G5 Mathematical interpretation

G5.1 Uncertainty arising from mathematical interpretation, e.g. in applying scale corrections or deviations from a
reference table, or in curve-fitting to allow for scale non-linearity, should be assessed.
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APPENDIX H
SOME SOURCES OF ERROR AND UNCERTAINTY IN DIMENSIONAL CALIBRATIONS

The more common sources of systematic error and uncertainty in dimensional measurements are
described in this section.

H1 Reference standards and Instrumentation

H1.1 The uncertainties assigned to the reference standards and those for the measuring instruments used to
make the measurements.

H2 Secular stability of reference standards and instrumentation

H2.1 The changes that occur over time must be taken into account, usually by reference to the calibration
history of the equipment. This is particularly important when the equipment may be exposed to physical
wear as part of normal operation.

H3 Temperature effects

H3.1 The uncertainties associated with differences in temperature between the gauge being calibrated and the
reference standards and measuring instruments used should be accounted for. These will be most
significant over the longer lengths and in cases involving dissimilar materials. Whilst it may be possible to
make corrections for temperature effects there will be residual uncertainties resulting from uncertainty in
the values used for the coefficients of expansion and the calibration of the measuring thermometer.

H4 Elastic compression

H4.1 These are uncertainties associated with differences in elastic compression between the materials from
which the gauge being calibrated and the reference standards were manufactured. They are likely to be
most significant in the more precise calibrations and in cases involving dissimilar materials. They will relate
to the measuring force used and the nature of stylus contact with the gauge and reference standard. Whilst
mathematical corrections can be made there will be residual uncertainties resulting from the uncertainty of
the measuring force and in the properties of the materials involved.

H5 Cosine errors

H5.1 Any misalignment of the gauge being calibrated or reference standards used, with respect to the axis of
measurement, will introduce errors into the measurements. Such errors are often referred to as cosine
errors and can be minimised by adjusting the attitude of the gauge with respect to the axis of measurement
to find the relevant turning points that give the appropriate maximum or minimum result. Small residual
errors can still result where, for instance, incorrect assumptions are made concerning any features used for
alignment of the datums.

H6 Geometric errors

H6.1 Errors in the geometry of the gauge being calibrated, any reference standards used or critical features of
the measuring instruments used to make the measurements can introduce additional uncertainties.
Typically these will include small errors in the flatness or sphericity of stylus tips, the straightness, flatness,
parallelism or squareness of surfaces used as datum features, and the roundness or taper in cylindrical
gauges and reference standards. Such errors are often most significant in cases where perfect geometry
has been wrongly assumed and where the measurement methods chosen do not capture, suppress or
otherwise accommodate the geometric errors that prevail in a particular case.
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APPENDIX J
SOME SOURCES OF ERROR AND UNCERTAINTY IN PRESSURE CALIBRATIONS
USING DEAD WEIGHT TESTERS

The more common sources of systematic error and uncertainty in the generation of known pressures,
using dead weight testers (DWT), are described in this section.

J1 Reference DWT

J1.1 The uncertainties assigned to the values on a calibration certificate for the reference dead weight tester
are all contributors to the uncertainty budget. These include the following:

(a) Area uncertainty including any uncertainty in the distortion. This uncertainty will often vary with pressure;

(b) Piston and weight carrier mass.

J2 Secular stability of the reference dead weight tester

J2.1 It is necessary to account for likely changes in the area and mass of the reference DWT since the last
calibration. This change can be estimated from successive calibrations of the reference DWT. The
secular stability uncertainty for the area will depend on the calibration interval and can be larger than the
calibration uncertainty. The variation between calibrations in the area of a DWT will depend on its usage,
design, and material composition and is therefore a best estimate from actual data. Where this is not
available it is recommended that a pessimistic estimate is made and a short calibration interval set.

J2.2 The drift of the piston mass will be larger in oil DWTs as this will reflect the difficulties in repeat weighting
of pistons that have been immersed in oil. These difficulties arise from incomplete cleaning processes
and possible instability due to the evaporation of solvents.

J3 Reference DWT mass set uncertainty

J3.1 The uncertainties assigned to the values on a calibration certificate for the weights in the reference dead
weight tester mass set are all contributors to the uncertainty budget. The uncertainty of the mass stack
used to generate pressure should be evaluated over the range of the DWT. The relative uncertainty is
often higher at lower pressures.

J4 Secular stability of the reference DWT mass set

J4.1 It is necessary to account for likely changes the mass set of the reference DWT since the last
calibration. Paragraph F2.1 addresses the subject of secular stability of reference weights.

J5 Uncertainty of local gravity determination

J5.1 The pressure generated by a DWT is directly affected by the local acceleration due to gravity, g. With
care, this can be measured with an uncertainty of less than 1 ppm. It is possible for an estimate of the g
value to be obtained from a reputable geological survey organisation based on a grid reference; this
would attract an uncertainty of around 3 ppm. It can also be calculated from knowledge of latitude and
altitude, however the uncertainty will be much larger - around 50 ppm in the UK. Some knowledge of the
Bouguer anomalies is required to achieve these levels of uncertainty from such calculations.




