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I.INTRODUCTION

During the last decade, the concept of measurement uncertainty has become an
important new paradigm in the area of analytical quality, providing a single
measure of accuracy of analytical results. In general, a measurement and, in
particular, an analytical measurement cannot be properly interpreted without the
knowledge of its uncertainty. Accordingly, the requirement concerning the
evaluation of the uncertainty of the results produced has been included in the
ISO/IEC 17025 standard [1] that establishes a quality system for analytical
laboratories and also in the ISO 15189 standard [2] specifically for medical
laboratories. Evaluation of the measurement uncertainty is becoming a common
practice in analytical laboratories, particularly in accredited laboratories, en-
couraged by accreditation bodies according to the international policy [3].

Several guidance documents [4—11] from the basic ISO guide [4] and its
analytical-chemical adaptation, the EURACHEM / CITAC guide [5], to the
recent EUROLAB report [11] have been published, providing useful guidelines
and practical examples on how the uncertainty can be estimated in a wide range
of analytical applications. A few critical reviews [12, 13] mainly focus on
different approaches to the evaluation process (the “bottom-up” and the “top-
down”) discussing their pros and cons. The problem of measurement un-
certainty estimation in chemical analysis has been a central topic of several
international workshops organized by EURACHEM [e.g. 14, 15] as well as
seminars and courses held by other organizations around the world; and books
[16, 17] covering the broad spectrum of associated problems have also been
published, with the first one [16] entirely collected from journal articles.

In spite of the significant effort that went into the introduction of the
measurement uncertainty methodology in analytical practice, some problems
still affect its practical implementation. Analytical uncertainties are often not
properly estimated, which results in a wide range of uncertainty values obtained
by different laboratories for one and the same analytical procedure as evidenced
from a survey [18]. In regulatory areas where analytical results are used to
verify compliance / non-compliance with specified requirements, the question
of credibility of the uncertainty statements has become urgent [19] as the
estimates that are given often prove to be invalid. This significantly reduces the
usefulness of measurement uncertainty as an index of analytical data quality.
Some analysts are skeptically or even antagonistically inclined towards the
applicability of the uncertainty concept in analytical chemistry [20-23].

Only partly the problems above can be ascribed to the intrinsic difficulties in
the uncertainty methodology that are still under debate in analytical and metro-
logical communities [12, 24]; rather, it is a consequence of the lack of a funda-
mental understanding of metrological concepts and also difficulties in practical
standardization of the procedure for estimating the uncertainty. This is shown



up in some points of misinterpretation in the uncertainty estimation in analytical
chemistry, such as improper identification of the sources of uncertainty while
considering as separate components those that do not actually make their own
individual contribution to the uncertainty, or inadequate treatment of analytical
bias while ignoring a persistent bias and accounting for a run bias.

Metrology in general and the issues such as measurement uncertainty and
traceability, in particular, are new to most of analytical chemists, many of
whom are not convinced of their value. Dr. Bernard King, the first president of
EURACHEM, who made much to introduce metrological concepts in che-
mistry, wrote about the differences in approaches adopted in these two commu-
nities: “The gap in thinking between metrologists and analytical chemists (there
are not many people who consider themselves to be both) is partly due to
misunderstanding, partly to the use of differences in terminology” [25]. To this
must be added that issues of quality in chemical analysis are traditionally
viewed as a province of statistics, and not distinguishing between metrological
and statistical ideas may lead to a significant confusion. The so called “opera-
tional definitions of uncertainty”, proposed by statisticians [26], which allow
the estimated uncertainty to by reduced to mere intermediate precision is an
example of such confusion.

The aim of this work undertaken by the author who came to professional
metrology from research in analytical chemistry is twofold. The first one is to
present the notion of measurement uncertainty in the context of related concepts
pertaining to metrology and quality assurance. This provides a better insight
into the essence and the role of measurement uncertainty in analytical science
and services. The second is to demonstrate some points of misinterpretation in
the evaluation of analytical uncertainties as revealed in published guides and
current literature and to provide the correct solutions of analytical problems that
have not been treated properly. In a more general context, the aim the author
pursued is to facilitate “bridging the cultural gap” between metrologists and
analytical chemists, since a unique metrology in chemical measurement
acceptable to both cultures needs to be established.
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2. MEASUREMENT UNCERTAINTY AND
RELATED CONCEPTS IN ANALYTICAL
QUALITY ASSURANCE

2.1.The concept of measurement uncertainty
in relation to accuracy and error

2.1.1. Definitions and historical overview

2.1.1.1. The definition to the term “measurement uncertainty” given in
the new, 3", edition of the International Vocabulary of Basic and Gene-
ral Terms in Metrology (VIM) [27 (2.26)] is as follows:

measurement uncertainty, uncertainty of measurement, uncertainty
non-negative parameter characterizing the dispersion of the quantity
values being attributed to a measurand, based on the information used.

This definition emphasizes the importance of the proper use of the available
information about the measurand in obtaining an estimate of the uncertainty.
More important is that this definition, as well as that one in the 2™ edition of the
VIM [28 (3.9)], does not refer to an unknowable quantity “the true value” we
are implicitly trying to find in a measurement, only focusing on the measure-
ment result and its evaluated uncertainty. This philosophy constitutes one of the
central points of the modern measurement uncertainty methodology that has
being developed since the Guide to the Expression of Uncertainty in Measure-
ment (GUM) [4] was appeared in 1993.

Meanwhile, the GUM itself does not exclude other, traditional, concepts of
uncertainty, considering them also valid, though “as ideals” [4 (2.2.4)]. A
definition of such concept can be found in the 1% edition of the VIM [29 (3.09)]:

uncertainty of measurement
an estimate characterizing the range of values within which the true
value of a measurand lies.

And a still earlier wording for definition of uncertainty was given in 4 Code of
Practice for the Detailed Statement of Accuracy in 1973 [30]:

the range of values about the final result within which the true value
of the measured quantity is believed to lie.

2.1.1.2. This is to say that the uncertainty is not a new concept in metrology where
it was traditionally interpreted as an estimate of the likely limits to the error of a
measurement. For a long time, the estimation of uncertainty was treated as an
assessment of the credible error bounds around the result of a measurement. The
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following passage from the paper of Ch. Eisenhart [31] at the US National Bureau
of Standards (NBS), dated from 1968, gives a good idea of the problem of un-
certainty estimation, which has not lost its actuality in these days. “Strictly
speaking, the actual error of a reported value, that is the magnitude and sign of its
deviation from the truth, is usually unknowable. Limits to this error, however, can
usually be inferred — with some risk of being incorrect — from the precision of the
measurement process by which the reported value was obtained, and from reason-
able limits to the possible bias of the measurement process”.

However, there was no agreement on the best method of estimation of the
uncertainty components as well as the method of their final combination. Con-
sistent with the traditional subdivision, the “random uncertainty” and the “syste-
matic uncertainty”, each arising from corresponding sources, were propagated
separately in the estimation process, and the question of how to combine them,
for instance, in linear addition or quadratic addition, was an issue of debate
during decades [32]. So, in a survey [33] published in 1981 seven methods for
calculation of the random uncertainty (Vertrauensgrenze des zufilligen
Fehlereinteils), nine methods for calculation of the systematic uncertainty
(Vertrauensgrenze des nichterfaBBten systematischen Fehlereinteils), and nine
methods for calculation of the combined uncertainty (Vertrauensgrenze des
MeBfehlers, MeBunsicherheit) were discussed and compared.

Since a standard uncertainty methodology was indispensable for engineering
applications, specifically in fluid flow measurements, a compromise was then
suggested and standardized by a number of organizations related to aerospace
industry [34]. It was accepted to allow either linear addition or root-sum-
squaring or even some other combination provided that the two components be
also reported separately and the choice of the uncertainty formula be stated by
the user. The books [35, 36] had summed up the progress in uncertainty metho-
dology in engineering problems, made to the beginning of the nineties. Publica-
tion of the GUM in 1993 started a new epoch signifying the wide application of
metrological concepts in various fields of science and technology.

2.1.1.3. Also not new is “uncertainty” in analytical chemistry. L. Currie wrote
in 1978 [37, p. 128]: “Results of chemical analysis are of little value unless
accompanied by realistic estimates of their uncertainties”. And a proper classi-
fication of uncertainty components was then put forward: ,,Subdivision into
“inferred” and “estimated” components provides vital information on the
meaning of the overall uncertainty”. It is remarkable that such subdivision was
suggested irrespective of whether the error source is considered random or
systematic, in much the same manner as the modern measurement uncertainty
methodology treats Type A and Type B estimated uncertainties.

Of couse, the meaning of the term “uncertainty” in analytical domain changed
with time. From the outset, by “uncertainty” is meant the number set down after
the symbol “+” in presenting the result of analysis, which characterized the pos-
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sible random error. The Manual on Presentation of Data [38] issued by ASTM in
1930s established the rules for calculating the "limits of uncertainty”" on routine
statistical basis. In the 40-50s, the assessment of these limits became the common
practice in studies of analytical procedures [39, 40]. However, already to the end
of the seventies, the uncertainty in chemical analysis was considered to mean a
bound for the total measurement error. This meaning of uncertainty was
elucidated in works of analytical chemists at NBS and expressed eventually in the
definition presented by J. Taylor [41]:

uncertainty

the range of values within which the true value is estimated to lie. It is
a best estimate of possible inaccuracy due to both random and
systematic error.

At the same time, analytical chemists not closely related to metrology followed
their own ways and used their own terminology in solving the same problem. A
number of criteria for judging the acceptability of analytical results have been
proposed, which combine interval estimates of random and systematic error one
way or another. Mention should be made of ,total error” [42], ,,total analytical
error” [43], ,,maximum total error” [44], and others (see Ref. 44).

2.1.2. Uncertainty and accuracy. Difference in philosophy:
a chemist’s view

The last definition above says that uncertainty is simply an estimate of possible
“inaccuracy”. The positive connotation of this term — “accuracy” — is in com-
mon use by analytical chemists for many years. Accuracy has always been con-
sidered the most important concept characterizing the quality of analytical
methods and results, recognized as a capital analytical property in the hierarchy
[45]. The question of interrelation between two concepts, accuracy and
uncertainty, is therefore worthy of consideration.

2.1.2.1 According to its definition in the VIM [27 (2.13)]:

measurement accuracy, accuracy of measurement, accuracy
closeness of agreement between a measured quantity value and a true
quantity value of a measurand,

accuracy is a qualitative concept. Yet, it can be quantified if described in terms
of “precision” and “trueness” corresponding to random and systematic errors,
respectively. (A survey of the evolution of these terms and concepts in stan-
dardized terminologies is presented in [46].) Following this line, the two mea-
sures of accuracy, the estimated standard deviation and the (bounds for) bias,
are to be evaluated and reported. As the traditional theory of measurement
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errors holds [47], these two figures cannot be rigorously combined in any way
to give an overall index of (in)accuracy in view of the different nature of the
error components. And it is in this way — as a two-component vector — that the
(in)accuracy of analytical methods and results was traditionally evaluated in
analytical chemistry [37, 48—50]. This methodology has been embodied in the
IUPAC harmonized protocol for method-performance studies [51] and the ISO
5725 series of International Standards [52].

2.1.2.2. In a recent paper [53] on the rationale for the 3™ edition of the VIM,
two different approaches to the philosophy and description of measurement
have been formulated, called there the “classical approach” and the "uncertainty
approach”.

The classical or traditional approach, as it was discussed as far back as 1971
[54], is based on two postulates:

o — there exists a true value of the quantity measured;
B — the true value is impossible to seek.

The first statement appears as a necessary prerequisite and the objective of a
measurement: starting a measurement, we proceed from the belief that some value
of a measured quantity exists, which we are trying to find. The second statement
says that our effort will result in only an approximation, i.e. an estimate of the true
value. This is equivalent to the fact that measurement errors are inevitable.

The uncertainty approach in its turn, with the GUM as its most prominent
representative, insists that since it is not possible to know the true value and,
furthermore, there may be a set of true values that are consistent with the
definition of the measurand, it is not possible to know how close a value
obtained is to the true value. Thus, “measurement error” becomes an abstract
concept, useless in practice. What is more important as a practical matter, this
approach provides a quantitative means of combining information arising from
both random and systematic “effects” (the word “error” is not used here) on
equal footing, treating all of them as standard-deviation-like quantities after the
corrections for known systematic effects have been made. As a result, a
variance of a probability distribution function (PDF) is estimated that is used to
characterize the quality of a measurement, based on all the information used.

2.1.2.3. It seems that the fact that the uncertainty approach implies a radically
different standpoint in philosophical foundation of measurement has escaped
the attention of researchers. This approach actually means (see Ref. 55) a transi-
tion in concepts from the statement “numbers are in the world” (J. Kepler), and
indeed “in measurement, numbers are discovered rather than assigned” [56] to
the statement that “numbers are assigned to the nature by ourselves” (R.
Carnap), so that measurement is not a determination but an assignment (of
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numbers). This is a radical change of the general conceptual basis of measure-
ment, with the very concept of true value disappearing as simply useless.

There has been a long-standing debate about the reality of true values: do
“true values” really exist if they are empirically inaccessible? Not long ago the
question was raised with regard to analytical measuremnt [57]: “Is there a “true
value” in nature or in our experiments at all?”” And if not, shouldn’t we forget
about “true values™?

Analytical chemists who actually deal with determination (of the chemical com-
position of a material) are unlikely to be ready to take these challenging ideas.
When speaking about “true value” the chemist has in mind the actual correct com-
position. And since chemical entities (molecules, ions) are discrete entities that can
in principle be counted, the correct composition certainly exists. Counting
molecules is becoming increasingly possible also in practice (e.g. on a surface,
using an atomic force microscope) making the true materials composition acces-
sible. In many cases the analyst can set up the true value himself by adding a known
amount of the pure substance to the blank sample; thus the reality of the true value
is beyond question for chemical way of thinking.

2.1.2.4. Prof. Paul De Bievre, one of the most consistent proponents of the new
philosophy in analytical measurement, argue [58] that with the evaluation of
uncertainty, “a doubtful meaning of ‘accuracy’ (doubtful because tied to ‘true
value’) is replaced by a practical one: ‘measurement uncertainty’”, with no
longer any necessity for mentioning “accuracy” and “true value” as unproduc-
tive concepts. However, as discussed in [53], what is actually done in the un-
certainty approach is that an interval is established “within which the ‘essential
unique’ (true) value of the measurand is thought to lie, with a given probabili-
ty...”. The concept of true value is indeed necessary for formulating the objec-
tive of measurement, but it is not directly used in the evaluation of the un-
certainty interval. The question is whether it is justified to banish “true value”
from our consciousness for the reason that we do not use it in the calculations.

In my opinion, discarding the traditional concept of accuracy with regard to
uncertainty evaluation is neither helpful nor necessary. It is seems quite
appropriate to use the philosophy of the classical approach combined with the
tools and practical methodology provided by the uncertainty approach. In this
way, the measurement uncertainty can be viewed as a single-number index of
accuracy, being constructed following definite rules.

This viewpoint on the relationship between “accuracy” and “uncertainty”, put
forward in the original publication II, has found corroboration by the RSC Analy-
tical Methods Committee who recognized that “an estimate of uncertainty is pro-
bably the most appropriate means of expressing the accuracy of results” [59].
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2.1.3. Random, systematic, and “systematic” error

The subdivision of measurement error into random and systematic is funda-
mental for the traditional approach where the accuracy is estimated in terms of
precision and trueness. In contrast, following the GUM, all the uncertainty com-
ponents are combined as random quantities, using their squared standard devia-
tions. “The denial of the principal difference between random and systematic
errors” furnished the main point of objection raised by the opponents of the
application of the uncertainty methodology in chemical analysis (see e.g. Ref.
22 from which the quotation was taken). The detailed discussion that follows,
based on the original publications II and VI, is concerned with this topical issue.

2.1.3.1. To a large extent, the classification of measurement errors with any of
these types is a matter of convention; it depends on the level from which the
analytical system is being viewed. An error that appears to be systematic at one
level becomes random at a higher level of the system. For example, laboratory
bias (in performing analyses by a certain procedure) becomes a random error if
we change to the consideration of a multitude of laboratories. V. Nalimov wrote
in [60] in this connection: “It is possible to speak about random errors only
when the set of measurements is clearly defined and limited.”

A good example of such a limitation is found in the definition of “random
error” given in the VIM, 2" edition [28 (3.13)], which relates to measurements
made under repeatability conditions (the same operator, the same equipment, a
short period of time), i.e., the conditions within an analytical run. With this
strategy, the unambiguous categorization of errors is made possible. Measure-
ment error characteristics estimated under other experimental conditions are to a
lesser or greater extent “contaminated” by systematic error components.

2.1.3.2. The conditional character of error subdivision into random and syste-
matic can be seen from the hierarchical model of analytical errors proposed by
M. Thompson [61]. According to this model, the error in the result of analysis
of a homogeneous material consists of the following components: (1) the
method bias, (2) the laboratory bias, (3) the run bias, and, finally, (4) the
random error (under repeatability conditions). This model referred to as a
“ladder of errors” is considered as the basis for assessing the uncertainty of the
results, which is obtained by combining the uncertainty contributions of the
steps of the ladder. It is significant that all of the error components listed above,
and those which appear as “bias”, are treated [61] as random variables
characterized by their standard deviations.

2.1.3.3. The subdivision into random and systematic errors results from the “tech-

nology” of experimental estimation of accuracy, when a material of a known
composition is analyzed according to a given procedure. The indexes of precision
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and trueness so obtained characterize the quality of the analytical procedure.
However, the customers, i.e. those who use the results of analyses for any pur-
pose, are interested in the quality of the results, expressed in a number. From this
point of view, it does not matter if the error of the result is random, systematic, or
contains both constituents. Focusing on the quality of the product, i.e. the result of
analysis, puts a characteristic of the total error at the forefront.

2.1.3.4. By systematic error is traditionally meant “the measurement error com-
ponent that remains unchanged or changes regularly upon the repeated measure-
ments of one and the same quantity” [62]. However, because of the impossibi-
lity of the precise reproduction of a whole set of experimental conditions,
scientists have long come to realize that the systematic error usually includes
both the constant and the variable component. As discussed by Ch. Eisenhart
[47], even in the case of repeated measurement of a single distance, some
effects, appeared as systematic, will be constant, but some may be expected to
vary from one occasion to the next (e.g., from day to day), thus contributing
variable components to the systematic error. In chemical analysis, these error
components have long been known as “verdnderliche (schwankende) systema-
tische Fehler” [63], “variable part of systematic error component” [64], or even
“random components of systematic error” [65]. An important point is that the
constant (strong systematic) error component, when it is estimated and known,
can be eliminated by applying a correction to the result. But the variable
component, as a random quantity, should be accounted for along with the com-
mon random error contribution.

2.1.3.5. These ideas were developed in the conception of randomization of
systematic errors [66, 67] just in the context of the problem of estimating the
measurement uncertainty. Accordingly, what was traditionally referred to as
systematic error is treated as one special value taken at random out of a popu-
lation of all possible values of the systematic error for the experiment under
consideration. In this way, a peculiar random variable, so-called “systematic”
error, is introduced with a respective probability distribution assumed. Quanti-
fying the variance of such a (hypothetical) distribution, when there is no statis-
tical information, is a special issue. In this case, one has to use subjective esti-
mates based on experience and available knowledge. But this approach makes it
possible to treat all error contributions, both random and “systematic”, on equal
footing and combine them as corresponding variances into the variance of the
resulting probability distribution.

2.1.3.6. Let us assume that the point of interest is the accuracy of the result of
analysis that has been (or will be) obtained using a certain procedure; it is not ne-
cessary that this was (or will be) done on the given instrument, by the given ana-
lyst, or even at the given laboratory. In other words, we are interested in the
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accuracy of the results obtained using a multitude of possible implementations of
the procedure rather than one implementation. In such a formulation of the
problem, the local systematic errors inherent to each of those implementations
appear as values of a random variable, “systematic” error, not fundamentally
different from the random error in the strict sense. The distinction is only that it is
defined on a population not identical with that of the observed measured values.

This situation is typical of so-called technical measurements (commonly
performed in control engineering by technicians) when the results are obtained
following specified procedures, with the accuracy evaluated before the measure-
ment is made. Classification of errors as random and “systematic”, adopted in
technical measurements [68], provides a unified method for combining the
constituents (as squared standard deviations) in calculation of the total uncer-
tainty. The same principles are applicable in analytical measurements where an
analyte is determined by following a specified procedure stated, for instance, in
a written standard. It is such measurements that are usually referred to as
routine in chemical analysis.

2.1.3.7. We can state with confidence that the concept of “systematic” error
introduced in physical measurement is particularly appropriate in chemical
analysis. This error occurs here on a set of implementations of two types, a set
of procedure implementations and a set of samples to be analyzed by the proce-
dure and differing in their matrix composition or physical properties, which
affect the measurement result. Indeed, the difference between the test samples
and the reference material in these properties results in the appearance of a
“systematic” error usually associated with the inadequacy of calibration; this is
typical for chemical analysis.

2.1.3.8. In analytical measurement, the matrix mismatch is always attendant
when one analyses an unknown sample “with the same matrix” using a fixed,
previously determined, calibration function. Usually, an analytical procedure is
developed to cover a range of sample matrices so that an “overall” calibration
function can be used. An error due to matrix mismatch is therefore inevitable if
not necessary significant. It constitutes in fact an inherent part of the total
variability associated with the analytical procedure.

Meanwhile, these effects are in no way included in the usual measures of
accuracy as they result from a “method-performance study” in accordance with
the accepted protocols [51, 52]. The accuracy experiment there defined (Ref.
52, Part 1, Section 4.2) does not presuppose any variable matrix-dependent
contribution, being confined to identical test items. The underlying statistical
model assumes that solely laboratory components of bias are to be considered.

Error sources of this kind are just the ones fairly treated with the concept of
measurement uncertainty which makes no difference between “random” and
“systematic”. By using simulated samples the effect of the matrix is a matter of
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direct investigation in respect of factors that influence the result and may be at
different levels for analytical samples and calibration standards. The experi-
mental designs for such studies, which provide for variation of matrix factors at
least at two levels corresponding to their upper and lower limits, have long
since been suggested [69, 70].

2.1.3.9. The conclusion to be made is that traditional subdivision of errors into
random and systematic is inconsistent with the present view of the error struc-
ture in measurements that follow specified procedures where the peculiar
random variable, “systematic” error, occurs. This is typical of analytical mea-
surements especially.

It would be more appropriate to classify the errors as corrigible (those about
which we may do something) and incorrigible (those about which we can do
nothing). Both of the random and “systematic” components would be merged
together in the second group, then. Such classification of errors, which was
suggested long ago [71], is in agreement with the GUM principles of un-
certainty evaluation. Indeed, an estimate of the corrigible error is used to make a
correction; the incorrigible error contributes to the uncertainty of the result, with
the uncertainty of the correction taken into account as well. This is illustrated
schematically in the following diagram (Fig. 1).

Uncorrected result

Quantity value

Measurement error
I

I
|
random l systematic
% }
| |
[ . 5| strong
| “systematic” | .
| | systematic
————H
i !
incorrigible corrigible
%(_J

- Correction

Corrected result

Figure 1. Classification of measurement errors and evaluation of uncertainty
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2.2. Analytical procedure — the key concept of quality
assurance in chemical analysis

2.2.1. Measurement assurance, measurement uncertainty,
and measurement procedure

K. Doerfell referred to analytical science as a discipline between chemistry and
metrology [72]. In line with this, one may define analytical services — a sort of
analytical industry performing chemical analyses for customer needs — as a system
based upon concepts of chemistry, metrology, and industrial quality control.

2.2.1.1. It is of principal importance in analytical work in service to view
measurement from a perspective of a “production process”, so that the
measurement result be regarded as the output of a repeatable process, analogous
to an industrial production process, also designated the chemical measurement
process. Then we can apply the principles and techniques of quality assurance
developed in physical measurement to analytical work. These principles and
techniques constitute the field of measurement assurance [73], a system
affording a confidence that the measurements produced in a measurement
process are valid, that is, good enough for their intended use.

From metrological standpoint, “good enough” means simply having an
allowable uncertainty. If measurement serves any practical need, it is to meet
some requirements on accuracy / uncertainty, emerging from the purpose. This
is a quotation from the NBS report [74] dated from 1974: “For each practical
measurement it is only necessary that the uncertainty of the result be adequate
for this intended usage”. It is in this case that the result of a measurement is
considered “fit for purpose”.

2.2.1.2. In effect, the uncertainty associated with a sequence of operations
defined as a measurement is to be determined; this sequence of operations by
which the measurement is made constitutes the measurement procedure.

The characteristic feature of the measurement uncertainty methodology is
that any numerical measurement is not thought of in isolation, but in relation to
the process which generates the measurements. If all the factors operative in the
process are defined, they actually determine the relevant uncertainty sources, so
making practicable their quantification to finally derive the value of the total
uncertainty. It can be said that the uncertainty methodology as presented in the
GUM fits neatly the idea of a specified measurement procedure, because the
procedure defines the context the uncertainty statement refers to.

Two basic propositions underlie this strategy in chemical analysis. First, an
analytical procedure when performed as prescribed, with the chemical measurement
process operating in a state of control, has an inherent accuracy to be evaluated.
Second, a measure of the accuracy (in this case — measurement uncertainty) typical
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of a given procedure can be transferred to the results produced, providing a degree
of their confidence. The justification for both of the propositions was given by
W. Youden in his works on analytical performance [75, 76].

2.2.1.3. As a prerequisite for practical implementation of this approach it is
assumed that the chemical measurement process remains in a state of statistical
control, being operated within the specifications. “Control” means that
performance characteristics of the process, namely, precision and bias, remain
fixed although they cannot be determined exactly.

To furnish evidence for this and avoid reporting invalid data the analytical
system needs to be tested for continuing performance. A number of control tests
may be used with this aim, for instance, testing the difference between parallel
determinations, duplicating complete analysis of a current test material, and
analysis of a reference material.

An important point is that the control tests be performed in such a manner
and in such a proportion as a given measurement requires, comprising an
integral part of the whole analytical procedure. They will be more specific in
this case and relate to critical points of the measurement process.

2.2.1.4. 1t is significant in this scheme that measurement uncertainty is estimated
during procedure development and validation, before its regular use, and the
uncertainty is assigned to future result obtained by application of the procedure
under specified conditions. This approach is common to measurements referred to
as routine in chemical analysis as discussed in paragraph 2.1.3.6.

2.2.2. Analytical procedure in terms of quality assurance

One of the ways to facilitate an effective quality assurance strategy in analytical
chemistry is integrating quality aspects into common analytical concepts. The
notion “analytical procedure” seems to be that best suited to such a quality-
oriented (re)formulation.

2.2.2.1. The proper usage of the term “procedure” rather than “method” is
noteworthy first. These terms correspond to two adjacent levels of specificity in
the hierarchy of analytical methodology [77, 78] expressed as a sequence from
the general to the specific:

technique =) method =) procedure =) protocol

According to this, the procedure level provides the specific directions necessary
to utilize a method.
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This nomenclature is however not always adhered to. In many cases, an
analytical procedure is virtually implied when an analytical method is spoken
about. Written standards are usually titled “method of analysis”, although they
provide directions described specifically to be followed in their application.
Such expressions as “validation of analytical methods” or ‘“performance
characteristics of analytical methods” are typical examples of incorrect usage of
the terms.

On the other hand, there is normally no reason to differentiate two of the
most specific levels in the hierarchy, carrying the term “procedure” over to the
designated “protocol”. According to the definitions of the two notions in [77],
specific written directions have to be faithfully followed in both cases. The term
"standard operating procedure" (with emphasis on the standardized format of
the document) that is used in quality assurance terminology and also mentioned
in VIM as a synonym of “measurement procedure” [27 (2.6)], seems to cover
the two levels in the hierarchy.

2.2.2.2. A distinction needs to be drawn between analytical procedure as a
general concept and its particular implementation, i.e. an individual version of
the procedure embodied under particular circumstances. In practice, an
analytical procedure may exist as a variety of implementations, differing in
terms of equipment, reagents, environmental conditions, and even the analyst’s
own routine if all of them are within the stated specification. As explained in
paragraph 2.1.3.6, this variability is a characteristic source of uncertainty
associated with a measurement procedure.

2.2.2.3. In the ordinary sense the term “analytical procedure” means simply a
description of what has to be done while performing an analysis. The definition
to this notion referenced in [79] is rather diffuse: “The analytical procedure
refers to the way of performing the analysis. It should describe in detail the
steps necessary to perform each analytical test. This may include but is not
limited to: the sample, the reference standard and the reagents preparations, use
of the apparatus, generation of the calibration curve, use of the formulae for the
calculation, etc.” [80]. In brief, this means a description of everything that
should be done in order to perform the analysis.

The reasoning in paragraph 2.2.1.2 gives grounds to include a quality
assurance aspect in the notion. The case in point is not simply “the way of
performing the analysis” but that one which ensures obtaining the results of a
specified quality. An accuracy/uncertainty constraint should be built in the
definition so as to give a determining aspect of the notion. Thus we come to the
definition given in terms of quality assurance: a specified procedure to follow
which ensures obtaining the results of analysis with a known uncertainty. This
is schematically depicted in Fig. 2 where typical “constituents” of an analytical
procedure are shown.
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Figure 2. Typical “constituents” of an analytical procedure, to be specified, which
ensures obtaining the results with a known uncertainty
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2.2.2.4. The concept of analytical procedure so defined offers an advanced view
on the problem of “method validation”. By this term is generally meant a
process of establishing the performance characteristics and limitations of a
method and verifying that the “method is fit for purpose” [81], i.e. suitable for
solving a particular analytical problem. The question is how the suitability
should be assessed, based on customer needs.

It is commonly recommended [e.g. 80, 81] that a number of characteristics such
as precision and trueness, limits of detection and quantitation, selectivity,
sensitivity, and so on, be considered as criteria for analytical performance and
evaluated in the course of a validation study. Based on this, a judgement is made as
to whether the procedure under issue is capable of meeting the specified analytical
requirements. However, from the customer point of view the matter of primary
concern is quality of analytical results as an end-product. In this respect, a
procedure will be deemed suitable if the data produced are only fit for purpose.

It follows that measurement uncertainty is the parameter that needs
paramount consideration among others in validation studies. Other characte-
ristics are desirable to ensure that a methodology is well-established and fully
understood, but validation itself on those criteria seems impractical also in view
of the lack of corresponding requirements as is commonly the case. That is to
say that the evaluation of uncertainty and the assessment of compliance with the
uncertainty requirements shall constitute the ultimate goal of validation. With
analytical procedure as defined above a conceptual framework for such
validation process is being developed.

This standpoint originally presented in the publication II has found corrobo-
ration in the [IUPAC guidelines [82] on single-laboratory validation, which states
that ““...method validation is tantamount to the task of estimating uncertainty of
measurement”. The recent proposal [83] to replace the traditional set of
performance characteristics, on which an analytical procedure is selected, with the
single “uncertainty function” that describes how the uncertainty of measurement
varies with the analyte concentration represents the motion in the same direction.
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2.3. The GUM and the “whole method’’ performance
methodology in uncertainty estimation

2.3.1. The modelling approach and the empirical approach

2.3.1.1. The GUM principles form a consistent and widely applicable metho-
dology where the uncertainty is calculated by a combination of individual
contributions from different sources of uncertainty. This propagation procedure
implies the identification of all relevant uncertainty sources, the estimation of
their magnitude, and combination of the components to form the combined
standard uncertainty, and then, the expanded uncertainty. Concurrently with
this, possible sources of bias (the error depicted as strong systematic in Fig. 1)
are investigated, and corrections for significant systematic effects are assumed.
So, a detailed analysis of the factors influencing the result and a quantitative
model in which those factors appear as input quantities are required.

2.3.1.2. In spite of the helpful adaptation of the GUM specifically for analytical
chemical problems, made in the guide Quantifying Uncertainty in Analytical
Measurement (QUAM) [5], and the extension of the GUM principles to the
field of quantitative testing [7, 10], this methodology received approval mainly
among “metrology-oriented” analytical chemists. Indeed, this approach differs
significantly from that traditionally being used for assessing the “whole
method” performance. The performance characteristics such as precision and
trueness are obtained during the procedure development and validation within a
laboratory or in a collaborative study. In that case neither analysis of influence
factors nor mathematical model is required, since the approach is entirely
empirical.

2.3.1.3. This corresponds to the role of models in two principal approaches to
measurement, classical and uncertainty methodologies, discussed in 2.1.2.2. In
general, the uncertainty approach emphasizes the model-dependence of the
knowledge obtained by measurement, while the classical approach tends to
diminish the role of models. As regards analytical measurements, we can say
that an exhaustive model of a chemical measurement process is not always
possible to build because of the complexity of the process. It is not surprising
that an analytical procedure is treated as a black box, i.e. a system with
unknown internal structure, in the system theory [84]. Turning a black box into
a white (transparent) box is not so easy, which is why the “whole-method”
performance studies have been traditionally used in analytical chemistry.

2.3.1.4. It was suggested and substantiated by the RSC Analytical Methods

Committee [85] to consider the traditional “whole method” performance studies
as a “top-down” method of dealing with uncertainty in contrast to the GUM-
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based “bottom-up” method. With the top-down approach, a laboratory is viewed
from a “higher level”, i.e. as a member of population of laboratories, and the
collaborative study is assumed to take a representative sample of combinations
of operating influence factors. It follows that the reproducibility standard
deviation obtained in the collaborative study is a good estimate of the combined
uncertainty that would be obtained following the GUM. In fact, a direct collec-
tive quantification is used instead of individual quantification and combination
of uncertainty components.

2.3.1.5. Most recently, another classification scheme was presented by EURO-
LAB [11] in which the GUM-based methodology is referred to as modelling
approach in contrast to empirical approach that encompasses three “whole
method” performance methodologies: single-laboratory validation, interlabora-
tory studies, and proficiency testing. There is a clear tendency toward involving
a variety of quality assurance means in the uncertainty estimation process,
which meets the actual demands of laboratories and more adequately reflects
common analytical practice.

2.3.1.6. The modelling approach based on an exhaustive analysis of the
measurement system, modelling, and propagating uncertainties is metrolo-
gically sound, and the outcome of only this evaluation process can be called
“measurement uncertainty” in the strict sense. On the other hand, the empirical
approach makes allowance for the all-inclusive variability at once, but
immediately poses the questions of sufficiency, the extent of coverage, and
“extrapolation” from the specific conditions of the performance study to the
actual conditions. There are sources of uncertainty such as approximations/
assumptions incorporated in the measurement method which are fundamentally
difficult to be allowed for empirically if staying within the given method.

2.3.1.7. The EUROLAB report [11] asserts that the empirical approaches to
measurement uncertainty are as valid as the modelling approach. It is stressed
however [11 (1.1.3)] that with any approach 1) the measured quantity should be
clearly and unambiguously defined, and 2) the measurement process should be
carefully analysed “in order to identify the major components of uncertainty”. In
other words, a list of relevant uncertainty sources is required to be given. Thus,
the first two steps in the GUM methodology, namely, specification of the mea-
surand and identification of uncertainty sources, are transferred to and become
necessary in the empirical investigation. Only in this way, the compliance with
the GUM principles, which is declared in [11], may be achieved.
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2.3.2. Rational strategy

2.3.2.1. In view of complexity of the problem, the GUM methodology in its
pure form is difficult to implement in analytical measurement. If a combined
effect of several factors is observable, the relevant estimates of the overall
variability and bias can reasonably be taken into account in the uncertainty
budget. The worked examples presented in the second edition of the QUAM [5]
provide a good illustration of such kind of mixed approach.

It is indeed an effective expedient in analyzing different uncertainty sources
not to isolate random variations intrinsic to individual sources, but instead grasp
them as an experimental repeatability estimated on replication of the procedure
as a whole. The same is true with regard to bias and its associated component of
uncertainty, usually studied experimentally for the whole procedure. The appea-
rance itself of the entries “repeatability” and “bias” (or “recovery”) in uncertain-
ty budgets and of the corresponding branches in the cause and effect diagrams
in [5] signifies a shift to the empirical approach from the pure GUM-based
methodology. Can we say that we strictly follow the GUM in identifying un-
certainty sources as input quantities in the measurement model, if the precision
characterizing the output quantity is directly estimated and displayed among the
sources of uncertainty?

2.3.2.2. The rational strategy to follow is in using different approaches conjointly,
that is, combining the available “whole method” performance data with additional
uncertainty contributions not adequately covered in the experimental design. It is
appropriate to use in this combination process the "highest level" precision measure
available, the reproducibility standard deviation from a collaborative trial, which
would require a minimum amplification by additional uncertainty contributions.
Often, however, one has to use merely the repeatability estimate, to which other
required components are added. In any case the use of performance information, at
least the repeatability standard deviation, is essential.

2.3.2.3. Some issues need to be addressed in using data from prior studies, such
as relevance of the data, variation in conditions, pre-treatment steps which may
not have been included in the study, and others [86]. It is recommended [87, 88]
that all these questions be answered in a reconciliation stage [5 (7.2.1)] where
the available information is compared with the required one (which is based on
the analysis of uncertainty sources). Any factors that affect the measurement but
have not been taken into account during the empirical investigation should
additionally be assessed for their contributions to the overall uncertainty.

2.3.2.4. Thus, we have to deal with a combination of different methodologies in
uncertainty estimation. The recent guides issued by ISO [8], NORDTEST [9], and
EUROLAB [11], which follow this general strategy, demonstrate such an integrated
approach to estimating measurement uncertainty in chemical analysis.
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3. SOME POINTS OF MISINTERPRETATION
IN THE EVALUATION OF ANALYTICAL
UNCERTAINTIES

3.1. Quantification of uncertainty and correction factor
in a multistep analytical procedure

3.1.1. The trueness of an analytical procedure is often expressed in terms of
recovery, i.e. the ratio of the measured value of the quantity to the expected (refe-
rence) value. This is justified where the relative measurement errors are appro-
ximately constant over the entire measurement range. In this case the analytical bias
may be corrected using a correction factor by which the result is multiplied.

3.1.2. In principle, for an analytical procedure consisting of n successive steps,
it is possible to derive the combined uncertainty u. and the combined

correction factor f{, from the component uncertainties u; and correction factors

, each relating to a step i as follows:

/Zu (1)
i=1

F.=J[F. )

i=1

This method was used specifically in Example A3 “Determination of
organophosphorus pesticides in bread” in the first edition of the guide QUAM

[89]. The values u, and F, for different steps in the procedure, such as liquid
extraction, cleaning-up and concentration of the extract, and so on, were obtained
there from recovery experiments: if R, is the recovery on the step i, the

correction factor F, = 1/R; .

3.1.3. The formulas (1) and (2) are only true if the components combined
represent individual contributions which are strongly independent. This is not

the case in that example, however. For example, the recovery R, at the

extraction step is determined by carrying out several operations, beginning with
extraction and ending with gas chromatography determination. The correction

factor F, will consequently include systematic effects on the steps that follow

the extraction. Likewise the uncertainty u, incorporates all the succeeding

uncertainties. In this way, summary estimates are actually used in the
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calculation instead of individual ones, which makes the estimation of the
combined parameters wrong.

3.1.4. To get the individual correction factor F; for a step i one must divide the
available summary estimate [, by the correction factor(s) relating to all the
subsequent steps and then, one can calculate the combined factor F. for the
whole procedure. Alternatively, it is possible to do this without finding the
individual estimates for all n steps if to use as a factor in the product the
summary estimate F, covering the steps from i to n.

The diagram on Fig. 3 demonstrates the two possible ways in the calculation
of the combined correction factor F. and the combined uncertainty u .
Deriving individual estimates from summary estimates is depicted by upright
arrows, and obtaining the combined parameters as a product or root of sum of
squares is depicted by horizontal arrows in the diagram. Figures relating to a
step i (shown in circles) are either individual estimates F., u, (upper part of the
table) or summary estimates F,, u, (lower part of the table).

Ll

Scheme of a multistep procedure
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Figure 3. Evaluation of combined correction factor and combined uncertainty in
a multistep analytical procedure
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3.1.5. This pattern demonstrates that the process of propagation of uncertainties
needs great care to be correct. To avoid complications, we have to identify the
components as resulting from individual (or combined) sources of uncertainty
rather that from separate parts of the analytical system, which are difficult to be
evaluated in isolation. The case of a multistep analytical procedure where the
effects of individual steps are evaluated jointly from the final measurement
result illustrates this feature clearly.

The criticism on the evaluation of the uncertainty und the correction factor in
Example A3 in the guide [89] was drawn in the author’s publication I. In the
second edition of the guide [5], this example (now as Example A4) has been
totally revised with emphasis on the analysis of possible sources of uncertainty
and their quantification utilising the data from in-house validation studies.

3.2. Volumetric uncertainty: the tolerance-based
approach and the actual performance-based approach

3.2.1. Being a part of most analytical procedures, measurement of volume
belongs to basic analytical operations. This is commonly performed by using
volumetric glassware that is the second most fundamental type of measuring
instruments in an analytical laboratory, after the balance. The question of the
accuracy of volumetric operations has always been topical and has always been
answered in terms of the specified tolerances to which the glassware is manu-
factured (see e.g. Table 4.1 in [90]).

3.2.2. The EURACHEM guide [5, 89] (in worked examples, Appendix A there)
has stated that three separate contributions should be taken into account when
volumetric uncertainty is estimated:

1. Capacity tolerances for volumetric apparatus, taken from the specification.

2. Random variation from a volumetric repeatability experiment.

3. Ambient temperature effects.

At this point, two questions arise. The first one concerns the random variation
inherent in the use of volumetric apparatus: has it not really been included in the
stated tolerance? The second reads as follows: if nevertheless the actual perfor-
mance has been studied, why is it used in calculating the uncertainty along with
the tolerance, not instead of it, resulting in redundancy in uncertainty estimation?

3.2.3. Volumetric apparatus that are produced commercially shall meet certain
metrological requirements, normally in the form of “maximum permissible error”,
specified by a written standard to which the apparatus is made. If the compliance
with the specification is originally guaranteed by the manufacturer or demonst-
rated by an independent authority, it is accepted that the errors produced while the
instrument is in use do not exceed its specified limit of permissible error. This is a
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basic tenet of the quality assurance system established for measuring instruments
in various measurement fields, including volume measurement.

3.2.4. The use of volumetric apparatus involves a series of operations such as
filling the vessel, setting or reading the meniscus against a reference line or
scale, and draining if the device is intended for delivery. In other words, any
volumetric measurement is associated with some operating procedure that an
analyst has to implement. This leads to the situation where the accuracy
inherent in volumetric apparatus cannot be evaluated in isolation, by ignoring
the contribution of a procedural error that is inseparable.

If all significant error sources are kept under control by following a standard
procedure, the procedural error may be assumed to lie within a limit. It is
therefore conventional for volumetric glassware to incorporate the random error
contribution, typical for its proper use, into the limit of volumetric error.

3.2.5. If we turn to written standards that set out principles of specifications of
laboratory volumetric glassware, e.g. the ISO standard [91], we will see that a
run-to-run variation in use of volumetric apparatus is taken into account in the
tolerance value. In particular, for glassware intended for delivery, where an
error may be significant due to a variation in the draining technique, the limit of
volumetric error is prescribed to be not less than four times the experimental
standard deviation obtained under repeatability conditions.

Evidences available from experimental studies show that this holds true in
laboratory practice. As an example, the data for one-mark pipettes, presented in
the publication IV, demonstrate that the contribution of random error, expressed
as 99.7% confidence interval, falls between 0.5 and 0.8 of the Class A tolerance
value — in full agreement with the proportion (< %) expected from the standard
specification. Still smaller random variations are obtained when a higher level
of accuracy is aimed at, specifically, in calibration services.

3.2.6. These findings testify that the capacity tolerance is the limit to allowable
error in normal use of volumetric ware, not specifically in its calibration resulting
in “calibration uncertainty” as the EURACHEM Guide states [5 (Appendix G)].
Of course, the procedures for proper use of volumetric glassware must be
followed by qualified and motivated personnel. These procedures are laid down in
the ISO standard [92] as well as applicable national standards, not to mention
textbooks on quantitative chemical analysis which include chapters describing the
subject in detail.

3.2.7. Compiling a cause and effect diagram is an effective means for analyzing

uncertainty sources. Such a diagram constructed for a volumetric operation is
presented in Fig. 4. Four main branches are depicted in the chart:
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Procedure: 1t is representative of the procedural contribution to the total
uncertainty and incorporates the relevant factors.

Temperature effects: Two different effects are taken into consideration — the
variation of density of liquid with temperature and the change in the capacity of
the vessel itself with the change of temperature. They act “in opposition”, with
the former usually of much greater magnitude than the latter.

Calibration: 1t includes its own subsidiary branches: procedure and tempe-
rature, the latter with two arrows as explained above, and some additional
effects, specifically those associated with mass determination by weighing.

Physical properties of the liquid: 1t is mainly concerned of the delivery
processes and takes account of a difference in properties such as the
viscosity and surface tension of the liquid being measured and water. For
dilute aqueous solutions ordinarily employed these effects are small and
they can be disregarded.

Procedure Calibration

balance
performance

setting/re_ading

procedure
the meniscus

delivery
time

cleanness mass of water

of vessel

C temperature

drainage air buoyancy

effects
density of water

delivery
technique ; g
» Volume
variation of density
of the liquid
change in capacity
of the vessel
Temperature effects Physical properties
of the liquid

Figure 4. Cause and effect diagram for a volumetric operation

3.2.8. In a typical case where volumetric glassware is normally used in a
laboratory, a practical way for the evaluation of measurement uncertainty is to
use the tolerances from the specification. The influence factors relating to the
upper branches, Procedure and Calibration, in the cause and effect diagram are
covered in the stated tolerance. Only the bottom branches, namely, Temperature
effects, should additionally be allowed for. With this supplementary contribu-
tion, the use of the capacity tolerance converted to the standard uncertainty is

well justified.
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3.2.9. In case where a high level of accuracy not attainable with the specified
tolerances is required, or the manufacturer of the glassware cannot be confidently
relied upon, or, finally, the volumetric glassware is misused or damaged, it is
reasonable to assess the actual performance in the user's hand, carrying out a
volumetric repeatability experiment. This is a calibration experiment in a way,
based on the gravimetric determination of the actual volume contained or de-
livered. In this way, the volumetric apparatus factory calibrated becomes that in-
house calibrated, and we will use the estimated true capacity instead of the nominal
capacity and also the experimental standard deviation of the mean as a more
specific estimate of calibration uncertainty than that derived from the tolerance.

3.2.10. An important point is that the uncertainties from both the measurement
and calibration are estimated now in terms of the experimental standard devia-
tion, so that there is no need for utilizing the manufacturer’s tolerances. Thus,
we come to recognize that the specified tolerances and the estimated variability
shall be used alternatively, not conjointly as the guide [5] recommends based on
a misinterpretation of volumetric tolerance. Two different procedures can be
referred to as the folerance-based approach and the actual performance-based
approach. In the first case, the nominal capacity and a tolerance-based uncer-
tainty are taken as the measurement result while in the second, the estimated
true capacity (of a specific volumetric apparatus) is taken, usually provided with
much smaller uncertainty.

3.2.11. In Table 1 the full uncertainty budget for the two approaches is drawn
up to comparing different contributions to the total uncertainty, which allows us
to judge the efficiency and suitability one way or the other. The budget is
exemplified by calculations and experimental data obtained for 100 ml class B
volumetric flasks.

As is clear from the example, the resulting uncertainty is reduced sub-
stantially if it is based on the actual performance rather than on the specifica-
tion. This is due to the small uncertainty contribution that the random variation
actually introduces into the budget, and still smaller remaining contributions of
calibration uncertainty. Also, a significant calibration bias (0.15 ml) is revealed.
It does not follow herefrom yet that the analyst must necessarily be engaged in a
performance exercise with his volumetric glassware unless it is justified by a
sufficient reason as mentioned in 3.2.9.

Among other things it can be seen from the table that the uncertainty caused by
the temperature variation (calculated with the normal assumption of fluctuations
within £ 4°C about the mean room temperature) becomes dominating contribution
in the actual performance approach. The inference to be made is that in-house
calibration is unjustified when the temperature control in use of volumetric
apparatus is lacking. It is unreasonable to make calibration with a high level of
accuracy that is not required and not ensured in the measurement.
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Table 1. Uncertainty budget for a volumetric operation — measurement of liquid volume
with a volumetric flask

Standard uncertainty
. 13
Uncertamty source Formula ® Exarr?])le .
(1) The tolerance-based approach
Procedure A
A4 0.082
Calibration J6
VoAt 0.034
Temperature .
Je
Combined standard uncertainty 0.089
Expanded uncertainty (k = 2) 0.18
Result of a measurement 100.00 £ 0.18
(2) The actual performance-based approach
Procedure N 0.014
Calibration:
-procedure s / \/; 0.0044
1 A2
-balance performance - Si 4 2ol 0.00013
Pw 3
-density of water % [d/’w J A, 0.0017
/temperature —_—
Py dt ) e
Temperature VoAt 0.034
J6
Combined standard uncertainty 0.037
Expanded uncertainty (k = 2) 0.074
Result of a measurement 100.15 + 0.07

a) In these formulas: A, is the volumetric tolerance specified, V" is the nominal capacity
for a volumetric apparatus factory calibrated or the estimated true capacity for that in-house
calibrated, o is the coefficient of cubical thermal expansion of the liquid measured, At is the
limit of possible temperature variation about the mean working temperature, s is the standard
deviation from the repeatability (calibration) experiment with the number of replicates equal to n,
p,, is the density of water as calibrating liquid, s, is the repeatability of the balance specified as

the standard deviation, A ; is the non-linearity of the balance specified as the maximum allow-

able deviation from the linear characteristic function, and A is the limit of possible temperature

variation in calibration process.

b) As an example, the uncertainties for a 100 ml Class B volumetric flask were calculated
based on the specification (1) and the calibration experiment (2). For details see the original
publication IV
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3.2.12. It is concluded that the capacity tolerance specified for volumetric
apparatus can suitably be used in evaluating volumetric uncertainty, with no
additional allowance needed except the temperature effects. Alternatively, the
actual performance has to be estimated if necessary in a repeatability (calibration)
experiment irrespective of the prescribed tolerance. This is two different
procedures not to be combined in a single one. The original EURACHEM
recommendation comprises an excess procedure, and there is little reason for
replicating it in recent textbooks [93—95] designed for a large laboratory audience.

3.3. Treatment of measurement bias in relation
to uncertainty estimation

The requirement on correction for recognized systematic effects is one of the
central points of the measurement uncertainty methodology in the GUM [4
(3.2.4)]. The uncertainty components are combined as centered random vari-
ables, while strong systematic effects are to be corrected for. It is supposed that
potential bias is investigated and, if statistically significant in comparison with
the uncertainty on the observed difference, is corrected for in the measurement
result. The uncertainty associated with the bias correction is then combined with
other uncertainty components.

The problem of bias handling in analytical measurement has received much
attention in recent literature [e.g. 24, 96-98], particularly, with regard to the
necessity of treating uncorrected (even significant) bias where making
correction is considered unpractical from technical or economical point of view.

As discussed in the recent paper [98], in those cases where (1) the bias is
significant, (2) the cause of the bias is understood, (3) an accurate estimate of
the effect is available, and (4) a useful reduction in uncertainty on applying the
correction will occur, the correction for that bias is well justified for technical
reason. And conversely, if none of the above criteria is hold, correction is
unjustified and impossible.

There are, nevertheless, striking examples, in which the recommendations
have been given quite opposite to those resulting from the analysis of the
situations. One of the examples concerns the evaluation of secondary pH
standards which are assigned a certain level of uncertainty in the pH traceability
chain. The other one relates to common practice of chemical analysis in a
laboratory. These examples that are both from authorities in their analytical
fields are analyzed in subsequent sections 3.3.1 and 3.3.2, respectively.
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3.3.1. Evaluation of secondary pH standards:
accounting for liquid junction potential contribution

3.3.1.1. The requirement of metrological traceability of pH measurements
implies that a hierarchical system is established linking working measurements
to a primary standard and if needed to SI units, all links in the chain having
stated uncertainties. At the highest level, the pH value of a buffer solution
identified as a primary pH standard is determined with the lowest uncertainty
(0.003 — 0.004 in pH units as expanded uncertainty') from electrochemical cell
without transference, the Harned cell, which constitutes the primary method of
measurement. The pH values of other buffer solutions referred to as secondary
pH standards are derived from the value of the primary standard by comparison
in a cell with liquid junction, having greater uncertainty associated with the
results. The secondary standards are used for calibration of cells involving glass
electrodes and liquid junctions (routine pH instruments) at the working
measurement level, providing finally the measurement results with even greater
uncertainty (typically 0.02 — 0.03 for 2-point calibration).

3.3.1.2. The evaluation of pH of one buffer solution with respect to the other
having a different composition is based on emf measurements of the differential
cell containing the two solutions, S; and S,, separated with a salt bridge:

Pt|H,|S,!KCl(=3.5moldm™)!S, | H,|Pt 3)
In this way, the pH of one of the solutions is expressed in terms of the other:

pH(S,) :pH(Sl)_EApH/k+(Ej2 _Ejl)/k 4)

where the difference (Ej, — Ej) is the residual liquid junction potential
contribution to the cell emf and k = (RT/F)In10 is the Nernst slope. A free-

diffusion liquid junction implemented in a vertical capillary tube, which is
known to have the best performance, is used in such measurements.

3.3.1.3. In the recent IUPAC Recommendations Measurement of pH. Definition,
standards, and procedures [99], typical uncertainty budgets are presented for
pH measurements at primary, secondary and working levels. Specifically, in the
budget for secondary pH buffer using cell (3), the standard uncertainty due to
RLIJP is estimated as 0.006; this is the principal contribution in the budget. As a
result, an unjustifiably high uncertainty level (0.015 as expanded uncertainty)

' This is the intrinsic uncertainty in the measured pH value of a buffer solution

without regard for additional uncertainties due to instability, possible contamination,
and so on, which should be accounted for in the sample on the desk of the user.
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has been established for secondary pH standards, approximately four times
larger than for primary ones.

3.3.1.4. The standard uncertainty of 0.006 in [99] is derived from the limits
+0.01 to possible values of the RLJP error, assuming that the distribution is
rectangular. The limits have been estimated from the comparison of the values
pH(SS) of several secondary buffer solutions with their values pH(PS) assigned
by primary method. Such measurements, with the (1:1) phosphate buffer as a
reference, demonstrate that the RLJP errors in eqn (4) are within + 0.01 in inter-
mediate pH range (3 < pH < 11) at 25 °C, as indicated in Fig. 2 in the IUPAC
document [99].

This “statistical” approach to the assessment of the RLJP uncertainty is,
however, in conflict with simple logic: it would be true only if it were unknown
which pair of buffer solutions is compared in a particular measurement. But
actually, we always know the nature of the buffer solutions we are measuring.
For this reason such a global estimate of uncertainty caused by the liquid
junction potential is unjustified, particularly, if reproducible junctions of the
free-diffusion type are employed.

3.3.1.5. The diffusion potential that generally arises in a heteroionic junction
between two electrolyte solutions displaces the value of secondary buffer
solution from its “true” value, i.e. the value that would be obtained if measured
by the primary method, in a certain direction. The magnitude of the
displacement is determined by the composition of the solutions and the
geometry of the junction. For this reason the RLJP error is principally
systematic for a given pair of solutions, not random; this error should certainly
be treated as bias in uncertainty estimation.

3.3.1.6. A direct evidence for the systematic character of this RLJP error can be
seen from data on the differences 6pH = pH(SS) — pH(PS) for a specific system:
phthalate / (1:1) phosphate buffer solutions. The data are presented in the
original publication III, calculated from the results of several researchers over
the period of nearly 30 years. The 6pH values agree satisfactory: the mean value
from the five different figures is estimated as 0.008 with the standard deviation
of the mean as low as 0.001.

3.3.1.7. It is appropriate to use the dpH value so obtained to make a correction
in the evaluation of a secondary standard buffer. All the criteria (i)—(iv) for bias
correction [98] are met in this case. Then, the RLJP uncertainty contribution in
the original budget is replaced by the uncertainty of the correction, equal to the
estimated standard deviation of the mean dpH. As a result, we get the combined
standard uncertainty of the secondary pH standard practically at the same level
(0.003 in this case) as for the primary standard from which the former is
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derived. The significantly reduced intrinsic uncertainty in the pH value of the
standard buffer solution (0.006 as expanded uncertainty) is eventually obtained.
The findings above may not be necessarily so good for other buffer systems
because of the lack of sufficient data. Nevertheless, if a correction is not
completely reliable at present, it might be refined as new data become available.

3.3.1.8. The level of uncertainty assigned to secondary buffer solutions is critical
in the context of the problem of two pH scales, the multiple-standard and the
single-standard scale, which was a source of a long-standing controversy among
pH experts [100, 101]. With a high target uncertainty assigned to secondary
standards, such as 0.015, the difference between pH values on the two scales
becomes insignificant, and the problem of two scales seems to have been solved.

In actual fact, both of the “scales” are involved in pH, operating at different
levels in the hierarchy. This is a characteristic feature of the pH traceability
chain that bias emerges on going from the primary level to the secondary level
as a result of a liquid-junction potential contribution in the differential cell.
Although not frequent, there are similar examples of change in size of a unit in
a traceability chain in metrology. For instance, this is the case in mass metro-
logy where two concepts are in use, “true mass” and “apparent mass”, related to
each other by a buoyancy correction.

3.3.1.9. The measurement and uncertainty relationships along the traceability
chain in pH can be displayed schematically as shown in Fig. 4. In the diagram,
the route of traceability is laid down with the transition from the value pH(PS)
of a primary standard to the value pH(SS) of a secondary standard, followed by

a correction equal in magnitude to the junction bias A j» depicted by a bent

arrow. The transition from the value pH(SS)c» to the value pH(X) of an
unknown sample is marked by APH(X). At the working measurement level, the

RLIJP effects may be different in magnitude and sign, resulting in an additional
uncertainty contribution shown as U ; in the diagram.

37



Harned cell
pH(PS)
Primary W?I
standard
pH(SS)
A LA
Differential cell ——PHES) iy
PH(SS)corr
Secondary W?I
standard IL ﬂ
CSI Y
Glass electrode Avny
cell )

Figure 4. Traceability route with measurement and uncertainty relationships in pH

3.3.2. Run bias: do we really need to correct
for it in chemical analysis?

3.3.2.1. A direct way for the bias / uncertainty estimation is applying the ana-
lytical procedure to an appropriate reference material. (Alternatively, the proce-
dure under investigation and the reference procedure are applied in parallel to
appropriate samples.) By comparison the mean of repeated measurements with
the reference value, analytical bias can be detected and its significance assessed.
It is generally accepted that intermediate precision (“within-laboratory repro-
ducibility”) conditions are preferred in the bias study, since more effects may be
covered in this case than when working under repeatability conditions, and a
more representative estimate of the uncertainty may be obtained.

3.3.2.2. It has been recently proposed [102] with regard to uncertainty
estimation that analytical bias be determined under repeatability conditions, by
a single analysis of a CRM in each analytical run. The authors [102] come to
the conclusion that the best strategy is to always correct the results for “run
bias”, i.e. the observed deviation from the reference value of the CRM. When
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no correction is applied, the resulting uncertainty that is also estimated under
repeatability conditions should be enlarged by an appropriate method to take
that uncorrected bias into account.

3.3.2.3. The starting point in the issue of bias is the question whether the
observed difference is statistically significant or not. Depending on which
standard deviation is used in testing the significance, whether repeatability, or
intermediate precision, or reproducibility, different conclusions may be reached.
If the repeatability standard deviation is taken (root-sum-squared with the
standard uncertainty of the reference value), the “run bias” has indeed a good
chance to be found significant. The authors [102] insist just on this kind of
testing, acknowledging that “bias is often hidden by the significance test being
based on reproducibility data”.

This is a question, answering which still separates the attitudes of a research
analytical chemist and that engaged in providing analytical services. The
authors [102] proceed from the belief that ““...most analysts would consider that
they primary objective is to obtain a test result that is as close to the true value
of the measurand as possible”. However, the objective of the analyst in
analytical service, or analytical laboratory on the whole, is quite different — to
produce a result the quality of which is in agreement with its intended use, that
is, “fit for purpose”. If the quest for reducing the measurement error does not
emerge from fitness for purpose requirements, any effort to find what is
“hidden” is unnecessary. It leads to a false conclusion that a significant bias
occurs while in fact, using the (proper) measurement uncertainty criterion, it
may not occur and usually does not.

3.3.2.4. If we look closer at what can be expected from the correction for "run
bias", we will find that the outcome is not so inviting as it might seem at first
sight. The benefit from cancelling bias will be largely "compensated" by
additional uncertainty contributions introduced with the correction. This is
particularly the case when a single analysis of the reference material is carried
out, resulting in doubling the random error contribution in the uncertainty.
According to the “ladder of errors” model [61], the single test result x is
expressed in terms of the true value 1z, the repeatability errorg, and the

corresponding contributions from run bias o,
method bias O

met]

laboratory biaso,,,, and

, as follows:
X=U+E+0,, +0,, + 0, - ®)

Then, the combined uncertainty u of the result is given by [85]:

u= \/0'52 + O'rzun + leab +u§ (6)
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2 . . . N I 2 2
where o is the variance in repeatability conditions, o, and o, are the

variances of the populations of run and laboratory bias respectively, and u, is
the standard uncertainty for the method bias. In the case of correction for "run
bias", the o,,, J,,, and O ., contributions in (5) cancel out, but the

uncertainty u . of the corrected result will amount to

1T

_ 2 2 2
Uy, = \/20'5 + Uiy TU . @)

matr

Here u g, 1s the uncertainty of the reference value attributed to the CRM, and

u is the uncertainty caused by a matrix (and also, analyte level) mismatch

matr
between the test material and the reference material, with the repeatability
standard deviation o, taken equal for the test and reference samples. Although

it is difficult to directly compare the magnitudes of uncertainty components in
(6) and (7), one may expect that u_ . is unlikely to fall far short of u.

T

3.3.2.5. The uncertainty of the result as given by eqn (6) involves the run effect at
the second level of organization in analytical system, in the wake of the
repeatability error. It is evidently not reasonable to think of this effect as a
systematic error if the next effects, the laboratory bias and even method bias, are
included into the budget just as uncertainty components. It is important to realize
that measurement uncertainty expresses the quality of analytical results in a global
sense, providing the basis for their comparability "in space" of different times,
different laboratories, and different methods. From this point of view, the run-to-run
comparability is not a factor to be allowed for by a corrective action.

3.3.2.6. Considering the technical criteria (i)—(iv) for bias correction (see
Section 3.3 above), we conclude that the change to repeatability conditions in
determining bias brings to the fact that criterion (i) would be more easily met, as
the standard deviation used in the significance test is (artificially) decreased.
Meeting criterion (ii) becomes problematic, since a "causeless" run bias
component appears in the observed difference. The estimate of bias, derived
from a single CRM analysis, cannot be sufficiently accurate, therefore criterion
(iii) and, as a consequence, criterion (iv) tend to be not met. Thus, correction for
"run bias" can hardly be justified. And the uncertainties that would include that
bias, if the correction is not applied, would be different from run to run, which
is impractical.
Other aspects of the problem are discussed in the original publication V.
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4. CONCLUSIONS

. The measurement uncertainty methodology does not mean discarding the

classical insight about analytical data quality expressed in terms of accuracy
and error. It seems quite appropriate to use the philosophy of the classical
approach combined with the tools and practical methodology provided by
the uncertainty approach. Thus, the measurement uncertainty can be viewed
as a single-number index of accuracy, being constructed following definite
rules.

. The concept of “systematic” error, a peculiar random variable that is defined

on a set of possible implementations of the measurement procedure, is
particularly appropriate in chemical analysis. This error occurs here not only
on a set of procedure implementations, as is the case in physical measure-
ment, but also on a set of samples differing in their matrix composition
within the scope of the procedure. Both these components of “systematic”
error contribute to the uncertainty of the result of analysis.

. There is a good reason to explicitly include the quality matter in the concept

“analytical procedure”, thus giving a determining aspect of the notion. De-
fined in this way, analytical procedure is a “specified procedure to follow
which ensures obtaining the results of analysis with a known uncertainty”.
The fitness-for-purpose criterion built in the definition offers an advanced
view on the problem of “method validation”. It is the measurement
uncertainty that needs paramount consideration among other performance
characteristics in validation studies.

. The rational strategy of the uncertainty estimation involves identification of

relevant sources of uncertainty and taking these into account using first of all
the “whole method” performance data (precision and trueness). Uncertainty
components that are not covered or are inadequately coved by the overall
performance study are then accounted for separately. The use of any perfor-
mance information, at least the repeatability standard deviation, is essential.

. When considering uncertainty components on an analytical procedure, one

has to identify the components as resulting from individual (or combined)
sources of uncertainty rather than from separate parts of the analytical
system, which are difficult to be evaluated in isolation. The example of a
multistep analytical procedure where the effect on one step is evaluated from
the final measurement result illustrates this feature.

. In the evaluation of volumetric uncertainty, the specified tolerances and the

estimated variability shall be used alternatively, not conjointly as is
commonly recommended. These two different procedures can be referred to
as the tolerance-based approach and the actual performance-based approach.
In one case, the nominal capacity and the tolerance-based uncertainty are
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taken as the measurement result while in the second, the estimated true
capacity is taken, usually provided with much smaller uncertainty.

. Treatment of measurement bias still remains an intricate point in analytical
measurement. Two examples that have been fully considered demonstrate
that the decisions taken are based on misinterpretation rather than a sound
reasoning. Particularly, the bias in pH values of secondary standard buffer
solutions, for which all the criteria for correction are met, has been statis-
tically treated as a component of uncertainty. On the contrary, the random
variable, “run bias” occurred in an analytical determination, was interpreted
as a bias to be corrected for.
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6. SUMMARY

The thesis is concerned with theoretical and practical problems of measurement
uncertainty evaluation in analytical chemistry.

The first part focuses on key aspects of measurement uncertainty in its
relation to other metrology and quality concepts, first of all, accuracy and error
which are central to classical approach to measurement. The subdivision of
measurement errors into random and systematic is discussed in detail, and the
concept of “systematic” error is highlighted as being of particular importance in
analytical measurements. The integration of quality aspects into common analy-
tical concepts is demonstrated with a definition of “analytical procedure”
proposed. The recommended approaches to uncertainty evaluation in analytical
chemistry are compared and a rational strategy is formulated.

The second part of the work analyses some points of misinterpretation in the
evaluation of analytical uncertainties and provides correct solutions to the
problems that have not been treated properly. The following issues are covered:
quantification of uncertainty and correction factor in a multistep analytical
procedure, evaluation of uncertainty in volumetric operations, accounting for
liquid junction potential contribution in the evaluation of pH measurement
standards, and treatment of run bias in routine analytical determinations. The
latter two issues address the problem of bias handling which still remains an
intricate point in analytical measurement.

The thesis includes the conclusions reached, the references, and 6 original
publications.
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7. SUMMARY IN ESTONIAN

Moéo6temairamatuse hindamine analiilitilises keemias:
seotud moisted ja vdartolgendused

Kéesolev dissertatsioon keskendub mootemaidramatuse hindamise teoreetilistele
ja praktilistele aspektidele analiiiitilises keemias.

T66 esimene osa on piithendatud modtemddramatuse kontseptuaalsetele
aspektidele ja seostele teiste metroloogia ja kvaliteedi hindamise lihenemis-
viisidega, eeskitt mdistetega tidpsus ja viga. Detailselt kdsitletakse modtevigade
klassifikatsiooni siistemaatilisteks ja juhuslikeks ja rGhutatakse "siistemaatilise"
vea isedranis korget tihtsust keemilises analiiiisis. Pakutakse mdiste "analiiiisi-
metoodika" tdpne definitsioon ja demonstreeritakse selle olulisust analiiiisi-
tulemuste kvaliteeditagamises. Vorreldakse analiiiitilises keemias moGteméadra-
matuse hindamiseks vélja pakutud l&henemisviise ja formuleeritakse ratsio-
naalne strateegia modtemadramatuse hindamiseks.

To06 teises osas kisitletakse mitmeid kirjanduses ilmnevaid vairtdlgendusi
modtemédramatuse hindamisel analiiiitilises keemias ja pakutakse neile korrekt-
sed lahendused. Vaatluse all on jargmised probleemid: mddtemédramatuse hin-
damine ja korrektsioonifaktorid paljuetapilistes analiilisimetoodikates, mdote-
madramatuse hindamine vedeliku mahu mo6tmise juures, difusioonipotentsiaa-
list tuleneva médramatuse hindamine pH standardlahuste vadirtuste mééramatuse
juures ja pdevasisese siistemaatilise vea arvestamine rutiintaseme analiiiitilises
keemias. Kaks viimast probleemi on olulise ja komplitseeritud probleemide
ringi — siistemaatiliste efektide arvestamine analiiiitilises keemias — erijuhud.

Dissertatsiooni 10petavad jareldused, viited kirjandusele ja 6 algupérast
teadusartiklit.
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