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Expert System for the Evaluation of
Measurement Uncertainty
Making Use of the Software Tool uncertaintyMANAGER®
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Abstract: An expert system for the evaluation of the measurement uncertainty is presented. It follows the four-
step process established by the Eurachem/CITAC guide QUAM. The expert system provides a considerably
better estimate of the overall measurement uncertainty than certain summary approaches used nowadays in
most private and public laboratories and in industry. This is demonstrated by an example from the production
control in a pharmaceutical lab. In addition, the expert system allows performing the entire process to evaluate
the measurement uncertainty much faster than the summary approaches used in industry.
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1. Introduction

In the recent past numerous local accredi-
tation bodies started to demand from ana-
lytical laboratories a more stringent imple-
mentation of the most recent ISO/IEC/EN
17025 standard.[1] This ISO document de-
mands that ‘Testing laboratories shall have
and shall apply procedures for estimating
uncertainty of measurement…’ (Clause:
5.4.6.2). Therefore, different analytical
laboratories in the private and public sector
have started their own efforts to implement
procedures to estimate the uncertainty of
their measuring values in some way or
other.[2] Very often these efforts have to be
accomplished at minimal costs in a com-
mercial environment.

Note 3 of clause 5.4.6.3 ISO
17025(2005) refers the reader to ISO 5725
and to the Guide to the Expression of Un-
certainty in Measurement (GUM) for de-
tailed information.[3,4] Furthermore, the In-
ternational Laboratory Accreditation Co-
operation (ILAC) recommends analytical
laboratories to utilise also the Eurachem/
CITAC guide ‘Quantifying Uncertainty

in Analytical Measurement 2nd (QUAM)
in order to evaluate measurement uncer-
tainty.[5,6] In particular, the latter guideline
puts more emphasis on an approach that is
adjusted to the needs of the bench chemist
by using overall performance parameters
determined during the method valida-
tion. However, even then, the procedure is
rather tedious and time consuming and is
still very demanding for the bench chemist.
Therefore, there is a considerable tendency
and financial pressure to simplify the gen-
eral procedure to evaluate the measure-
ment uncertainty. Simple approaches do
not lead to a thorough calculation based
on the specification and scope of the ana-
lytical procedure, but rather to a simple
estimation of its value. Such an approach
might be adequate for the environmental
sector where considerable inhomogeneity
of the samples already causes a large vari-
ation of the results. However, misleading
interpretations and wrong decisions are in-
evitable within many other sectors of ana-
lytical chemistry like production monitor-
ing, doping control or forensic evidence,
if evaluation of measurement uncertainty
is based on such a simple methodology.[7]

These considerations lead to the con-
clusion that only an expert system, that
supports the bench chemists comprehen-
sively in estimating the measurement
uncertainty, can facilitate the successful
introduction of the concepts detailed in
the various guidelines. Therefore, Empa
started a project to create such an expert
system together with partners from indus-
try, from public and private laboratories as
well as from instrument manufacturers. In
the meantime, this project has been suc-
cessfully completed with the release of the
software tool uncertaintyMANAGER® and
with the subsequent foundation of the spin
off company ValiTrace GmbH.[8] In the

present publication some of the capabili-
ties of the expert system are described by
means of an example from a typical ana-
lytical procedure in production control.

2. Some Basics about the
Evaluation of Measurement
Uncertainty

The introduction lists a number of
guidelines that outline the procedures to
evaluate the measurement uncertainty.
The primary and most generally valid
document is GUM[4] that subdivides the
evaluation of the measurement uncertainty
into two major phases as shown in Fig.1:
the formulation phase and the calculation
phase.

The Eurachem/CITAC guideline
QUAM on the other hand suggests a four-
step process: ‘Specify, Identify, Quantify
and Calculate’ (Fig. 2) with the first three
steps reflecting the formulation phase
of GUM.[6] The formulation phase aims
at building an appropriate measurement
model. The metrologist performs this task,
whereas computers execute the calcula-
tion phase. The expert system uncertainty-
MANAGER greatly facilitates the tasks of
the formulation phase, so that also bench
chemists can perform the whole evalua-
tion of the measurement uncertainty with-
out being experts in the field of setting up
measurement models that represent all the
different influence quantities affecting the
measurement result.

The information for the first step
‘Specify’ is taken from the description
of the analytical procedure (e.g. standard
operation procedure (SOP)). For our pur-
pose, important parts of this description
are the equation of the measurand and
a flow chart depicting the operating se-
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quence of the analytical procedure. How-
ever, we know from several workshops
and seminars on the subject of ‘calcu-
lating the measurement uncertainty’ that
these parts are quite often missing in the
relevant documents. The equation of the
measurand is the building block to start
with the next step ‘Identify’. The goal
of the second step is a structured list of
all the influence quantities affecting the
procedure of measurement. Initially, El-
lison and Barwick have proposed the
‘cause and effect diagram’ as such a
structured list, and they worked out a
procedure to construct the diagram.[9]

At this stage the expert system comes into
play with a slightly modified procedure,

which was adopted for the needs of a soft-
ware application:
i) The variables of the equation of the

measurand form the main branches of
the diagram.

ii) Consideration of each step of the ana-
lytical procedure and addition of any
further factors by introducing a corre-
sponding branch to the diagram and a
corresponding term to the equation of
the measurand (e.g. soxhlet extraction,
derivatisation, etc.).

iii) For each branch addition of contribu-
tory factors for all relevant effects as-
sociated with each major step and again
addition of corresponding terms to the
measurement equation. This means that

the effect of all remaining insignificant
factors on the result can be neglected.
We will illustrate the assembly of a

cause and effect diagram with the volu-
metric measurement device ‘glass pi-
pette’. The equation of the measurand is
V = V

pipette
with the left-hand side of the

equation as measurand and the right-hand
side as a volumetric measurement using a
pipette.[6] The two sides also build the stem
and main branch of the cause and effect
diagram. For this introductory example
there are no additional factors like steps
of sample preparation that must be added
to the diagram and to the equation of the
measurand. In the next step, all influence
quantities that might have an effect on the
result of the measurement are evaluated.
The influence quantities are shown in Fig.
3 and are described as follows:
– The calibration of the pipette per-

formed by the manufacturer.
– The repeatability of the volumetric

measurement with the pipette.
– The temperature at which the measure-

ment will be made; the pipette has been
calibrated by the manufacture at 20 °C
with water. However, the bench chem-
ist is usually using the pipette within
a temperature range of 18 °C and 27
°C. The difference between the actual
and the calibration temperature must
be considered, because the expansion
coefficient of the solvent is consider-
ably larger than that of the material of
the pipette (glass).

– Dispensing: Pipettes are calibrated
for dispensing their nominal volume.
For this purpose, it is essential that
the whole content of the pipette is dis-
pensed in a well-controlled way over
a given amount of time. This influ-
ence allows the effect of an incomplete
transfer of the solution into the receiver
to be quantified due to degrading sur-
face properties of the inner glass walls
of the pipette.

– Aging: The aging of the glassware is
caused by the amorphous structure of
the material. The volumetric glassware
might change its form slightly at a
temperature notably below its melting
point. According to the manufacturer’s
information the cleaning and drying
cycle with temperatures up to 80 °C
and higher result in small changes in
the form of any volumetric measuring
device made up of glass. These changes
might add up because the pipettes are
normally washed and dried in the same
way. Therefore, we also have to allow
for the aging of our volumetric mea-
surement device.
Using the expert system, all relevant

influence quantities rather than just the
significant ones are included, which is in
contrast to the original publication by El-

Fig. 1. Two major
phases to evaluate
the measurement
uncertainty according
to GUM (PDF =
Probability Density
Function).

Fig. 2. Four steps
to evaluate the
measurement
uncertainty according
to QUAM.

Fig. 3. Cause and
effect diagram
of a volumetric
measurement using a
pipette.



626 CHIMIA 2009, 63, No. 10 METROLOGY IN CHEMISTRY

reference (ml), V
s

= initial volume of the
measuring solution of the sample (ml), m

s
= mass of the sample (g).

Fig. 5 depicts the flow chart of the
operating sequence for the analytical pro-
cedure. The left branch summarises the
operations with the samples, whereas the
right branch describes the operations with
the reference substance.

On the basis of the equation of the
measurand and the operating sequence of
the analytical procedure the expert system
automatically constructs the proper cause
and effect diagram (Fig. 6) following the
rules outlined before.

The cause and effect diagram in Fig.
6 shows eight main branches representing
the nine variables of the equation of the
measurand. The HPLC signals A(s) and
A(r) are described as a ratio and thus rep-
resented as only one branch, because most
of the systematic effects for these types
of measurement compensate each other

lison and Barwick.[9] When assembling the
cause and effect diagram, the relevant in-
formation for the quantification is not yet
available, as only a preliminary calculation
can reveal which influence quantities have
a significant effect. This means that the full
measurement model must be available to
perform the overall measurement uncer-
tainty calculation. Therefore, the expert
system does not triage the influence quan-
tities, when the measurement models for a
given analytical procedure are worked out.

Before the overall model of the analyti-
cal procedure can be built up, additional
considerations about some basic princi-
ples of measurements are needed. Nearly
all measurements are relative and they fol-
low the same principle as shown in Fig. 4.
There is always a method to compare the
measurement value of a sample, e.g. signal
A(s), with that of a reference A(r). The cali-
bration of a pipette with a reference mea-
surement of the volume takes place within
the manufacturing process. It corresponds
to the calibration in the cause and effect di-
agram. All the remaining influence quanti-
ties are needed to account for effects that
might influence the pipette during its later
use to measure a solution (‘sample’) in any
given laboratory. The situation is different
if the reference and sample measurements
are performed with the same instrument
within a relatively short period of time.
Many systematic effects are cancelled out
in such a situation, because they affect the
measured values for the reference and the
sample in the same way.

These principles of different types of
relative measurements and their effect on
the overall model of an analytical proce-
dure are best illustrated in conjunction
with step 3 and 4 of the evaluation of the
measurement uncertainty with the follow-
ing example.

3. Example – Control of By-Product
Content in Chemical Production

The amount of two different by-
products after a synthesis step in chemi-
cal production is to be determined. One
by-product is at the mass content level of
0.5% and the other one at the level of 0.2%.
The content of both by-products is mea-
sured in the same solution that is used to
determine the content of the key-product.
For this purpose 100 mg of the product is
dissolved in 100 ml of the mobile phase.
The reference stock solution is produced
from 50 mg of the reference standard of the
by-product, which is dissolved in 100 ml
of the mobile phase. The actual measur-
ing solution of the reference is produced
by diluting 1 ml of the stock solution with
the mobile phase to a volume of 100 ml.
For the other by-product the concentration

level of the measuring solution of the refer-
ence is adjusted by decreasing the amount
of weighted reference substance to 20 mg.
All readings of the weight measurements
are rounded to 0.1 mg.

The Eqn. (1) of the measurand w is
given for both analytes as

(1)

With w
s
= content of by-product after syn-

thesis step (g.g–1), A
s

= absorption signal
of the sample measured using HPLC, A

r
= absorption signal of the reference mea-
sured using HPLC, m

r
= mass of the refer-

ence substance (g), Purity
r
= purity of the

reference substance (by-product) (g.g–1),
V

r
= volume of the reference stock solution

(ml), V
rp

= aliquot taken to dilute the refer-
ence stock solution (ml), V

rf
= volume of

flask containing the measuring solution of

Fig. 4. Principles for
HPLC measurements:
‘Method to compare
the sample signal A(s)
with a reference signal
A(r)’.

Fig. 5. Flow chart
of the operating
sequence to
determine the content
of by-products after
a synthesis step in
chemical production.
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as detailed in the previous section. The
diagram itself was constructed by the ex-
pert system using preset models stored in
a comprehensive database. These models
for different measurement equipments and
reference substances have been developed
and validated by an international group of
experts.

According to QUAM’s rules summa-
rised in Fig. 2 all influence quantities that
have been identified and listed in the cause
and effect diagram are now to be quantified
(third step), using as much information and
results from the validation study as possi-
ble. Hence, a closer look at the repeatabil-
ity studies of the validation is needed.

In a typical measurement sequence a
reference sample is measured first, fol-
lowed by double measurements of the giv-
en samples. In order to evaluate the mea-
surement uncertainty, laboratories often
calculate the repeatability from the results
of double measurements performed with
sample solutions.[2] This practice has some

direct consequences on the measurement
model shown in Fig. 6. Only the repeata-
bility influence quantities of the different
variables are included in the determined
repeatability, which could vary during
the measurements. Their combination
results in a new branch ‘repeatability’,
which represents the overall variation of
the analytical procedure. Fig. 7 depicts
the modified cause and effect diagram for
such a measurement sequence. The new
main branch ‘repeatability’ only contains
the individual repeatability influence
quantities related to the sample. Again
the expert system performs the rearrange-
ment of the influence quantities within
the cause and effect diagram based on de-
tailed models elaborated and established
by the same panel of international experts
as mentioned above. In this way the ex-
pert system releases the bench chemist
from a very complicated and tedious task,
which is quite often heavily disputed even
within expert bodies.

Another tedious and time-consuming
task within the process to evaluate the
measurement uncertainty is the actual
quantification of all the different influence
quantities in the cause and effect diagram
shown in Fig. 7. This means for the bench
chemist a search through many handbooks
and standards to extract the needed values.
This task is much better accomplished by
using a large database, which contains
all these values previously evaluated and
where new measurement equipment is
added on a regular basis. The expert sys-
tem uncertaintyMANAGER is built on
such a database and therefore directly re-
lieves the bench chemist from one of the
larger sticking points in the whole process
to calculate the measurement uncertainty.

The final step in the evaluation process
is the actual calculation of the measurement
uncertainty. There are two established ways
to perform this calculation. The first one is
based on the uncertainty propagation and it
has been detailed in the GUM.[4] However,
there have been considerable criticisms at
various points (e.g. confidence interval)
since its publication.[10,11] This prompted
the working group 1 of the joint committee
for guides in metrology (JCGM) to draft a
first supplement to GUM, which was finally
published in 2008.[12] This new guideline
states that the Monte Carlo method is the
method of choice to perform any measure-
ment uncertainty calculation.

Fig. 8 and Fig. 9 show the combined
standard uncertainty for the by-product of
0.5% and 0.2%, respectively and they illus-
trate the different contributions of the main
influence quantities corresponding to the
main branches in the cause and effect dia-
gram. These two Figs illustrate that summa-
ry approaches, which are based more or less
on the variability of the analytical procedure
(‘Repeatability’), are not suitable for esti-
mating the measurement uncertainty; they
fail by and large. A number of private, pub-
lic and industrial laboratories have started
using these summary approaches to reduce
their costs for the entire evaluation proce-
dure. Such approaches are even tolerated by
some local accreditation bodies.

The contributions of the main branches
of the cause and effect diagram show that
at least five of them have a considerable ef-
fect on the overall measurement uncertain-
ty. The most striking finding is the large
increase of the effect from the mass of the
reference substance going from the by-
product with 0.5% to the one with 0.2%,
which is caused by rounding the reading
of the measured value.

4. Summary and Conclusion

The GUM framework and the derived
Eurachem/CITAC guideline ‘QUAM’have

Fig. 6. Cause and effect diagram of the analytical procedure to determine the content of a by-
product after a synthesis step.

Fig. 7. Combination of the different influence quantities ‘repeatability’ of the samples to a new
main branch.
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Fig. 8. Contribution of the main branches in the cause and effect
diagram to the combined standard uncertainty, c(s) for the by-product
of 0.5%.
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Fig. 9. Contribution of the main branches in the cause and effect diagram
to the combined standard uncertainty, c(s) for the by-product of 0.2%.

set up a number of rules for the evaluation
of the measurement uncertainty. This pro-
cedure is still too tedious, time-consuming
and expensive for many bench chemists
in the public and private sector. This is
why they started to establish individual
approaches based mainly on the varia-
tion of analytical procedure. According to
the example demonstrated in the present
publication, these approaches might have
considerable shortcomings compared with
the calculated overall measurement un-
certainties based on the GUM framework.
However, the expert system uncertainty-
MANAGER guides the users step by step
through the entire evaluation process pro-
posed by the Eurachem/CITAC guideline
‘QUAM’. Predefined models for the dif-
ferent types of measurements and sample
preparation steps, together with a large da-
tabase and the two methods to calculate the
measurement uncertainty make this expert
system a very powerful tool in the hand of
every bench chemist, saving tremendous
time and money and avoiding the risk of
wrong decisions, which are based on con-

siderable underestimation of the uncertain-
ty of results from an analytical procedure.
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