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Chapter 1 INTRODUCTION
Within analytical chemistry there has been much discussion on what the exact
definition of analytical chemistry should be and the debate has not really been ended
yet (1). As some activities that clearly have a strong link with analytical chemistry, are
not included in a generally acceptable definition of analytical chemistry, new names have
appeared for them. In this way the name chemometrics appeared for activities that
originate in the desire of many analytical chemists to extract as much information as
possible out of the experimental data they measured.
In the early years of chemometrics many techniques that were developed in
mathematics and statistics were successfully applied to analytical data. Soon, it appeared
that the use of mathematics and statistics was not limited to data processing.
Applications appeared in which these techniques were also used in the planning of
experiments and other steps in the analytical process.
The successes of the early chemometric techniques and the establishment of
chemometrics as an accepted part of analytical chemistry also asked for a definition of
the field of chemometrics. Unfortunately, definitions of chemometrics sometimes
included the explicit statement that chemometrics was to use statistical or mathematical
techniques to establish the best experimental plan to extract maximum information out
of the data produced (2, 3).
Recently techniques from other fields than mathematics and statistics have
appeared amongst traditional chemometrical techniques. Some of them, such as expert
systems, originate from the field of artificial intelligence so they are not included in the
old definitions of chemometrics. As the purpose of these techniques is also to establish
the best possible experimental plan and to extract the maximum chemical information
out of the analytical data they are certainly part of chemometrics and it might be
necessary to review the old definitions of chemometrics.
Expert systems are computer programs that contain heuristic knowledge. Heuristic
knowledge is knowledge that has been gathered during practical work in a certain field.
It is knowledge that is based on experience. Often, heuristic knowledge is knowledge for
which the theoretical basis has not been developed yet. It can also be knowledge that
represents certain shortcuts through difficult theoretical processes thus using different
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paths to arrive at the same solutions. By implementing this heuristic knowledge, expert
systems can bring the knowledge of an expert to wider use. An almost infinite number
of copies of the expert system can be distributed. Problems with normal expert
consultation such as unavailability, inconsistent answering etc. can be improved using
expert systems.
The tradition of research on the applicability of expert systems in chemistry is
already fairly long. In fact, one of the first expert systems ever developed, the DendraJ
system, has a knowledge domain based in structure elucidation of organic compounds
from mass spectroscopic data (4, 5). The Dendral project set the stage for similar
projects in analytical chemistry. Their main area of application was the interpretation
of spectra of various kinds. Many of these systems were never developed further than
the research stage, partly because statistical and mathematical techniques exist that
perform equally well or better than the expert systems (6).
However, expert systems can also be applied in other fields of analytical
chemistry. For instance, method development in HPLC is a suitable area for the
application of expert system technology. Many problems in HPLC method development
can be solved when an expert on the specific subject can be consulted. This is hardly
ever possible for every stage in the method development process. In many cases, an
expert is only involved in the phases that are thought to be very important for a specific
method. For instance, a method validation expert is usually consulted only on HPLC
methods that will be submitted to a regulatory body. However, many HPLC methods
would benefit from expert advice in every part of the method development process.
A coordinated study on the applicability of expert system technology into four
areas of HPLC method development was started in the ESCA project ESCA is a
cooperation between universities and industries in several countries in Europe. A
description of the ESCA project can be found in chapter two. The ESCA project is part
of the Esprit research project of the European Community. The purpose of Esprit is to
stimulate information technology in Europe through cooperation between industry and
university. Therefore, one of the aims of ESCA was to bring the expert systems
developed in ESCA to use for industry.
In the present study the research and the results on the method validation part
of ESCA are discussed. Method validation is one of the four areas of method
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development investigated in ESCA. The research was concentrated on the applicability
of expert system technology to HPLC method validation and the requirements that the
domain of HPLC method validation puts on the expert system building process and the
expert system building tools. After the introduction of ESCA in chapter two, the larger
part of the knowledge domain of the method validation expert systems, the ruggedness
test, is presented in chapter three. The ruggedness test is the principal knowledge
domain in the method validation part of ESCA. In chapter four the software tools,
necessary for the building of expert systems, are introduced. One of the tools is selected
for further use in the expert system building process on the basis of the procedures
discussed in this chapter. In chapter five, six and seven the various expert systems are
presented and discussed. Chapter eight describes the evaluation of the systems in real
laboratory situations. Finally, in chapter nine some general conclusions about the
applicability of expert system technology to HPLC method validation are presented.
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Chapter 2 EXPERT SYSTEMS IN CHEMICAL ANALYSIS, THE ESCA
PROJECT
Introduction
In recent years several applications of expert system technology have been
developed in analytical chemistiy. The main field of application is the interpretation of
spectra of various kinds and the elucidation of the structures that produce the spectra.
However, expert systems can also fruitfully be applied to the planning of experiments
and the development of analytical methods. An interesting field of application is
chromatography because of its wide range of chemical compounds to be analysed and
its complexity with regard to the choice of materials and instruments. At the moment
expert systems in chromatography are still in the research stage and the technology has
yet to be proven to be of significant value for practicing chromatographers.
The goal of the ESCA project is to provide demonstrator expert systems for use
in analytical laboratories and to show the benefits of knowledge based systems in this
environment (table 1). The domain knowledge for ESCA was chosen to be HPLC
method development in pharmaceutical analysis (1). There are several reasons why the
application of knowledge based systems in method development for pharmaceutical
analysis is appropriate. The pharmaceutical industry faces the problem of screening an
increasing amount of diverse novel compounds in order to develop compounds with
diagnostic or therapeutic activity. In principle, all these compounds need their own
methods of analysis. Hence, for every new compound of interest, the method
development process must be repeated entirely. A large amount of these new
compounds are analysed by some form of chromatography and HPLC is mainly used.
At the moment, method development is largely based on human experts who sometimes
use computers, primarily to process the results of their experiments, but the computer
is not yet fully integrated in the method development process.
An expert system on HPLC method development can speed up the method
development process and make it more consistent and better documented by offering
expertise that is not generally available in every laboratory (2). In such an expert system

'This chapter is part of the paper: JA. van Leeuwen, B.G.M. Vandeginste, L. Buydens, G. Kateman,
Expert Systems in Chemical Analysis (ESCA), Trends in Analytical Chemistry, Vol. 9, No. 2,1990, 49-54

17

The ESCA project is ал Esprit project on the application of expert system technology. Esprit is a
research project initiated by the E.C. to stimulate information technology in Europe. One of the
aims of Esprit is to stimulate international knowledge exchange between universities and industry.
The ESCA project evaluates the use of expert system technology in chemical analysis. Partners in
ESCA are:
Philips Scientific, Cambridge, U.K. (main contractor)
Catholic University Nijmegen, the Netherlands
Organon International B.V., Oss, the Netherlands
Philips Research Eindhoven, the Netherlands
Philips Research Hamburg, West Germany
The ESCA project has a duration of 37 months. It started in april 1987 and ended in may 1990. It
has produced 11 deliverables in documentation as well as software.

Table 1 Esprit project 1570 ESCA
the different stages of method development must be incorporated. It is clear that this
knowledge is not present in one single expert. Therefore, it seems advisable to break
down the knowledge acquisition for an expert system on method development in HPLC
into processes representing stages in method development, such as the first guess of
method conditions, optimization of the method and method validation. The ideal
situation would be to have one expert for every step in the development process.
In ESCA the field of method development in HPLC is divided in four domains.
For every domain an expert is asked to contribute his or her knowledge to an expert
system. This results in stand alone expert systems on related subjects in method
development. After the individual domains are tested and found to perform well, some
of the systems are also integrated to form larger expert systems. These will not only give
the user advice on a specific stage of method development but also advise on strategies
to make the best possible use of the knowledge in the system. In this way the expertise
of different experts is combined into one system. The system will speed up method
development and will be able to give consistent advice and provide consistent
documentation. It will also introduce new techniques and procedures in the laboratory.
In general it will enhance the potential of every analyst working with it.
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The ESCA approach
The building of an expert system involves different steps from knowledge
acquisition and engineering through implementation to the validation and evaluation of
the system. In every step there are numerous pitfalls that can make the expert system
a failure and keep it from being used in practice. In the ESCA project, an attempt is
made to avoid these pitfalls by using a structured approach to knowledge base
development and implementation in which every step in the expert system building
process is evaluated before progression is made to the next step.
Selection of tools
For the building of expert systems, two basically different approaches are open.
The first is to build the system from scratch in an АЛ. language like Prolog or lisp. The
second is to use expert system building tools. In ESCA only expert system building tools
are used. Main reason for this decision is the fact that starting from scratch always
means the implementation of inference engines, knowledge base formats and other
facilities that are offered by tools. From the point of view of ESCA this is not an
efficient strategy. The use of a tool allows concentration on the development of the
knowledge bases that are after all the most important parts of the systems.
Nowadays there is an entire spectrum of tools available on the market for the
development of expert systems. They range from low cost simple shells to high priced
sophisticated development environments. It is difficult to decide what is the best tool
for a specific application. Especially in the case of method development in HPLC, it is
difficult to formalise a priori the requirements that a tool must meet. An evaluation of
a number of tools must be made to judge which features are critical to build an HPLC
method development expert system. The approach adopted by ESCA is to implement
a small test knowledge base in a number of tools. This test knowledge base must of
course be representative for and similar to the final knowledge base. By comparing the
results of the test implementations a conclusion can be drawn about the suitability of
each of the tools for this type of knowledge (3, 4). Evaluating tools with a small test
knowledge base avoids a premature choice of a tool at the beginning of the project. Such
a premature choice can lead to problems with knowledge representation, knowledge
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engineering, user interfacing and the size of the expert system at a moment that
development of the system has proceeded too far to change the tool without large costs.
Because the final expert system developed in this project should find its way to
analytical laboratories, it was decided to evaluate only commercially available expert
system tools. These tools are believed to be bug free , well documented and supported
by the manufacturers. The tools included in the comparison are Delfi-2, Goldworks,
KES, Nexpert Object, Mylog, КС, Kee and SI (table 2).
A test knowledge base must fulfill certain criteria to be acceptable as such (S).
It must be representative for the knowledge that the final expert system will contain. In
this case the test knowledge base must contain knowledge on HPLC method
development. The test knowledge base must also be validated. Ideally the test knowledge
base should be the domain knowledge of an existing expert system that has proved its
use in practice. The test knowledge base must also be sufficiently discriminative. It must
be able to bring out the advantages and disadvantages of the tools in which it is
implemented.
An acceptable test knowledge base was found in the expert system developed
by DeSmet et al (6) on the selection of the mobile phase for an HPLC method for some
pharmaceutical samples. This expert system contains a validated knowledge base and
yields good results (7). It closely represents the knowledge that has to be implemented
in the final expert system, because it covers the same subject area.
The individual expert systems
In the ESCA project four domains are selected, which together cover the entire
field of method development in HPLC (fig. 1):
- The selection of initial HPLC conditions
- The selection of criteria for the optimisation of the mobile phase
- The optimisation of chromatographic parameters
- The validation of the developed method
Because the domains represent naturally separated steps in method development,
an expert system is built on each domain. For every system there is in principle one
expert who contributes his knowledge. Although it is possible to have more than one
expert in a domain, it was decided to avoid any discussion between experts. Ideally, the
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Small tool
Dem
distributed by:

Foundation Knowledge Systems Research Group
Rotterdam
the Netherlands

Mld-afaed tooU
Goldworks
distributed by.

KES.ps
distributed by:

MYLOG
distributed by:

Nexpert Object
distributed by:

Bolesian Switems Europe
Helmond
the Netherlands
Software4Architecturing and Engineering
Chichester
United Kingdom
DelphiaSARL
Seyismet
France
Neuron Data
California
USA

Large tools
KEE
distributed by:

Si
distributed by.

Knowledge Craft
distributed by:

Intelhcorp
Muencbee
West Germany

Gecotec
Zaventem
Belgium
Ferrami Computer Systems Ltd.
Curent
U.K.

Table 2 Tool information
four domains should result in four expert systems that can be consulted in sequence and
so provide an entire method development process.
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Certified

Validation
of Ih«
method

3 Optimisation of
instrumental parameters
and operating conditions

2 Selection of
the optimisation
criterion

1 First guess of
initial operating
conditions

Fig. 1 Method development in HPLC
The domain of first guess of method conditions is narrowed down to purity check
of pharmaceutical compounds. Checking the purity of a certain compound usually means
a search for byproducts, intermediates, degradation products or other contaminants
introduced in the production process. A purity check method is very often used only
once or maybe a few times because establishing the absence of contaminants is its only
purpose. Therefore, these purity check methods have a very low usage versus
development time ratio. An expert system advising on the first guess of method
conditions can be helpful to increase this ratio.
Methods resulting from a first guess are usually not optimal in the separation
of the compounds to be analysed. Since this separation is the basis of the HPLC analysis
technique, it should be optimised. This stage is known as the selectivity optimisation
stage. For the systematic optimisation of a method resulting from a first guess in
chromatography it is essential that objective goals are set for the process. If possible,
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these goals should be expressed in a single mathematical function or optimisation
criterion. A large number of optimisation criteria have been suggested in the literature
and it is difficult to select the most appropriate criterion in different situations. On the
other hand, the choice of the criterion greatly affects the outcome of the optimisation
process. For these reasons, it was decided to develop an expert system to assist in the
selection of optimisation criteria.
The result of the selectivity optimisation is a method that yields adequate
separation in an acceptable amount of time given the instrumental conditions used.
This, however, only optimises part of the parameters that influence the quality of the
method. Other parameters that are more of an instrumental nature, such as column
length and diameter and flow rate, have normally not been considered in a selectivity
optimisation procedure. The aim of the optimisation of the chromatographic parameters
is to reduce analysis time and increase sensitivity of the method. Therefore, the
influencing parameters in this domain are the column dimensions, the particle size, the
flow rate, the injection volume and some detector parameters. The relations between
these parameters are of a complicated nature. Finding the optimal settings requires the
evaluation of a number of equations that are difficult to see through, even after a longer
period of study. The expert system advises on the possibility to use alternative columns
with particles of different size and columns with different lengths and diameters. Once
the best column has been selected, the flow rate is optimised within a specified range
and with specified constraints for the pressure drop. The signal to noise ratio is also
optimised which is affected by the column dimensions, the injection volume and the
dilution factor. Finally, the instrument parameters are chosen to match the performance
of the column (9).
Method validation is the final stage in the development of analytical methods.
The validation of chromatographic methods is essential to ensure that a newly developed
method is capable of performing within the required accuracy and precision. The method
validation process comprises the evaluation of precision, accuracy, specificity and
limitations (e.g. lifetime of reagents, detection limits) (10). Each of these is affected by
a variety of factors. For instance, precision is affected by repeatability and by
reproducibility (11). The validation procedure must be designed such that these different
contributions are tested under the same conditions at which the method is intended to
be used.
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Because performing a complete method validation procedure is a very large task,
it was decided to concentrate the expert system on precision testing. The precision
testing expert system includes the following steps:
- assistance in the set up of tests
- algorithms for the calculation of results
- interpretation of the results
- diagnosis of possible errors
It contains knowledge bases on repeatability and ruggedness testing (12).
The implementation of four domains in method development in HPLC leads to
at least four expert systems on related subjects. In some domains more than one expert
system is developed because of the complexity or diversity of the domain. For instance,
in the first guess domain many expert systems can be built, each having a group of
chemically related compounds as a subject. Because of the broadness of the domain and
the different starting points when developing a first guess method, a number of expert
systems are built reflecting the diversity of the domain. Also the domain of method
validation is so complex that it is impossible to develop a general approach for all the
processes present in a normal method validation procedure. Instead of forcing them all
together in one system it is wiser to develop separate expert systems that can be
integrated later. Therefore, the method validation domain is implemented as a number
of separate expert systems.

Testing the systems
Before the individual systems can be used in a real laboratory, it is necessary to
check the contents of the knowledge bases. It is also important to know the overall
quality of the system, for instance of the quality of the user interface, as this will to a
large extent influence the acceptance of the system in practice.
The testing of an expert system can be divided in two stages (13). The first test
should check if the expert system reflects the knowledge of the expert. So the expert
must agree with the results the expert system produces. This process of comparing the
performance of the system with the expert is known as the validation of the system. In
ESCA the individual systems are evaluated by blind testing. A number of test-cases are
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solved by both the expert system and the expert independently. The results should agree
within predefined limits to secure unbiased testing. Normally this procedure will have
to be repeated a number of times to be able to make the necessary refinements to the
knowledge base. To ensure that changes made in the knowledge base do not produce
unexpected side effects, it is necessary to define a so called regression test. The
regression test consists of a number of test-cases selected by the expert, representing a
broad range of possible cases, that are solved by the expert system after each major
revision. The solutions to the test-cases should remain the same. If they differ, changes
to the knowledge base have been made that affect knowledge that was already
evaluated. The limited character of the regression test is of course no guarantee that no
unexpected results appear but the choice of a good regression test set will minimise
these chances.
After the expert system has been validated and the expert can give his consent
to the contents of the knowledge base, the second stage of testing can be started. This
involves the acceptance of the expert system on a normal working site. Main criterion
in this phase is the user interface. Other issues are the explain capacities, the
completeness of the knowledge and the benefits for the user. The evaluation phase will
merely lead to refinements of the knowledge base. For instance, it is expected that the
expert will have forgotten some details that are not crucial in his own experience but
that are crucial in a slightly different environment. After the evaluation phase has been
completed the expert system will be ready for use in daily practice.
Integration of domains
The integration of all the individual systems could lead to one large system on
method development. However, it would require an enormous investment in manpower
to fill all the gaps in the knowledge between the domains. One could even easily argue
if such a system can be developed anyway, because of the complexity of chromatography.
A less ambitious integration is very well possible provided that the chemical basis is
sound. In ESCA there are two paths that can lead to interesting integrated systems. The
first integration possibility is to integrate the domains on first guess and the optimisation
domains to come to an integrated expert system that can guide a user through a
complete method development procedure resulting in the best possible HPLC method
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given the requirements by the user. The second possibility is to integrate the domains
on optimisation and method validation with the optimisation domains acting as repair
modules if the outcome of the method validation process indicates that there is
something wrong with the method. An example of such a situation can be a method that
shows loss of resolution in one of the precision tests. The domain on optimisation of the
chromatographic parameters can then advise to adapt the flow rate or column
dimensions as a repair.
Integration of the individual system will be even more valuable if strategic
knowledge is added to the system. The system would then be able to decide when to
use which subsystem. In principle, it would give advice on when to consult which expert.
The combination of different expert system with strategic knowledge leads to a so called
second generation expert system.
The individual expert systems developed in ESCA are intended to work
independently of each other. Because of the differing requirements of their knowledge
domains they also differ in the way they are implemented. For instance, for some of the
domains it is important to do some extensive calculations. This requirement largely
defines in which tool these domains can be implemented. Also, the importance of
features as user interfacing and knowledge representation facilities differs from domain
to domain. However, the basis of each system closely resembles that of the others
because they are part of the same knowledge domain. Already during the
implementation of the individual systems, this fact is taken into account through the
construction of a Common Data Structure. This Common Data Structure is the basis of
the knowledge base of all the expert systems. It represent all the important objects in
method development in HPLC, such as the description of sample, column,
chromatogram and user requirements. The Common Data Structure makes it possible
to integrate the individual systems without having to change their internal structure (fig.
2).
The Common Data Structure acts as a communication board from which all
systems can read information and write new information to. Because all systems speak
the same language, the Common Data Structure is the basis for all the knowledge bases,
the level of integration is not predefined. If it is desirable to keep the individual systems
autonomous, the integration can be performed by transferring files with variable values
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System 2

System 1

Criterion
Selection

First Guess

Common
Data
Structure
Method
Validation

System
Optimization
System 3

System 4

Fig 2 The Common Data Structure and the individual systems
between them. If a more ngorous mtegration is desired, a supervisor structure can be
built containing strategic knowledge on the sequence in which the individual systems can
best be consulted.
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Chapter 3 THE RUGGEDNESS TEST'
Introduction
Considering the widespread use of routine HPLC analyses in the analytical
laboratory, it is very important that HPLC methods are thoroughly validated. Much time
and effort is involved in validating an HPLC method. It is therefore important that
eventual problems with a method are detected at an early stage during the method
validation. Particularly interlaboratoiy reproducibility tests or collaborative studies in the
Gnal stage of method validation, can be very costly and should only be undertaken if
there is a reasonable chance that the method will be accepted (1, 2, 3). Moreover,
method validation can frustrate the work done in method development and the sooner
problems with a method are identified, the easier it is to modify the method because the
information from the method development process is still present.
In a typical method validation procedure a number of tests must be performed
on the method: e.g. tests to quantify the method's accuracy, sensitivity, specificity,
precision, etc (table 1). The level of testing depends on the later use of the method. If
the method will only be used occasionally, a relatively limited method validation
procedure will suffice. If the method will be submitted to a regulatory body, extensive
testing is required.
In case the method will be submitted to a regulatory body, thorough testing of
the method in the laboratory where it was developed, is usually followed by an
interlaboratoiy study. To avoid problems in an interlaboratoiy test, a method can first
be tested in the laboratory to an extent that it is expected to pass interlaboratory testing.
If problems occur with the method during an interlaboratory test it is often difficult to
trace the cause of the problems because relevant factors are not tested in a controlled
way and will vary at random. It is therefore advisable to perform an intralaboratoiy test
on factors that will be tested in an interlaboratory reproducibility study. For that purpose
the newly developed method can be submitted to a ruggedness test (4, 5).

JA. van Leeuwen, L.M.C. Buydens, B.G.M. Vandeginste, G.Kateman, PJ. Schoenmakers, M.
Mulholland, RES, an expert system for the set-up and interpretation of a ruggedness test in HPLC method
validation, Parti: The ruggedness test in HPLC method validation, submitted for publication
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METHOD VALIDATION
Specificity:

interference
peak purity

Accuracy:

recoveiy
linearity

Sensitivity:

detection limit

Precision:

repeatability
ruggedness
reproducibility

Table 1 Tests in method validation
Ruggedness testing
In a ruggedness test the effect of small changes in the operating conditions of a
method on method performance is tested. The changes reflect the possible changes in
circumstances when a method is transferred from one laboratory to another. A
ruggedness test can be defined as: "an intralaboratory experimental plan, used before
undertaking an interlaboratory study, to examine the behaviour of an analytical process
when small changes in the environmental and/or operating conditions are made, akin
to those likely to arise in different laboratories" (6).
A ruggedness test is advised for every analytical method that will be submitted
to an interlaboratory study. Also, a ruggedness test can be applied to any method that
has been optimised, in order to test whether the optimisation process has not led to an
unstable method. In HPLC, a ruggedness test is particularly useful, because the number
of factors that may affect the method performance is very large. Such factors can be
found in every part of the HPLC method, ranging from the sample preparation to the
detection. For instance, an HPLC method can be especially sensitive to changes in the
column (e.g. from one batch to another) or it can be sensitive to small changes in the
wavelength of the detector. Recently, applications of the ruggedness test to HPLC
methods have been described (7, 8).
In a ruggedness test, a number of essential steps can be identified (fig. 1).
Roughly speaking, a ruggedness test consists of a pre-experimental phase, an
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Fig. 1 Steps in ruggedness test set-up and interpretation
experimental phase and a post-experimental phase. In the pre-experimental phase, the
ruggedness test is set up. This phase consists of two important steps, the selection of
factors to test and the selection of an appropriate experimental design. In the
expenmental phase the experiments are carried out. In the post-experimental phase, the
experimental results are interpreted in three steps. The first is to combine information
about the factors and the experimental design with the experimental data to evaluate the
results statistically. In the next step, these results are translated into chemically relevant
results. Finally, in some cases, an advice can be given on improvements to either the
method or the testing procedure.
Each step has its own characteristics and can be seen as a subtask of the
ruggedness testing procedure. They differ, for instance, in required knowledge and
experience, mode of operation, etc.. An outline of each step is given below.
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Possible factors and factor levels
Sample preparation factors.
sample weight
shake time
sonicate tune
heat temperature
wash volume
extraction volume
centrifuge minutes
pore size 1
pore size 2
extraction 1
extraction 2
dilution

deviation Drom the nominal value
1 %
20 %
20 %
S deg С
30 %
30 %
20 %
5 um
5 um

Chromatography factors
pH
temperature
solvent %
flow rate
buffer concentration
additive concentration

1
5 deg С
3 %
0 1 ml/min
1%
0-5 %

Column factors
manufacturer
batch
Detector factors
wavelength
π range
filter
tune constant

5 nm
S

Data handling factors*
user selected factor

Table 2 Examples of possible factors with variation percentages and steps
Factor choice
Many factors can affect the performance of a method when it is transferred to
other laboratories, particularly when the method is complicated In chromatography, and
especially in HPLC the number of factors can be very large (approx. 50, see table 2).
Examples of factors that will undoubtedly vary are temperature, column parameters,
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analyst skill, status of equipment used, etc. Many of these factors will not affect method
performance to an extent that the results become unacceptable, because the factor levels
vary only moderately in practice. Therefore, in a ruggedness test, only the relevant
factors must be tested and testing must take place at relevant levels. For instance, if an
operation procedure specifies that a certain step should be carried out at 45 deg C, it
is useful to test this step at 40 deg С and 50 deg С but not at 100 deg C. Deviations of
up to 5 deg С may be found in practice but deviations of 50 deg С will not, unless gross
errors are made. Such errors will almost invariably cause obvious malfunctioning of the
method.
The level of testing also depends on the purpose of the method. In general,
ruggedness testing is performed on methods that will eventually also be used in other
laboratories, than the one in which they have been developed. Otherwise, the level of
testing will be less stringent, usually resulting in the testing of fewer factors.
Choosing the right factors to test is an essential step in setting up a ruggedness
test. It largely depends on the expertise and experience of the person selecting the
factors whether or not an acceptable set of factors is selected. However, experienced
analysts may also overlook important factors. An expert system may rationalise this
process making it consistent and reproducible (9).
Selecting the design
If the factors to test have been identified and the levels have been chosen, an
experimental design must be chosen, using which the effects of the factors can be tested.
The experimental design gives the factor combinations at which the experiments are
carried out. It is important to keep the number of experiments in a ruggedness test as
low as possible. Each HPLC experiment requires a considerable amount of time,
especially when conditions are varied. In a ruggedness test much time is needed between
the experiments for establishing the factors at the specified levels. As a consequence, if
a test is extended over a long time (e.g. a few weeks), time effects such as column
deterioration may become important. These factors are then implicitly tested in the test.
Several types of experimental designs can be used in a ruggedness test. However,
only a few are applicable. Factorial designs fit best the purpose of ruggedness tests,
establishing which of the factors are affecting method performance and estimating some
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A Plackett Burman design for 7 factors at two levels:
0 - factor at nominal level
1 - factor at extreme level

Table 3 Plackett Burman design to test 7 factors
interactions. When using factorial designs, a choice must be made between full and
(saturated) fractional factorial designs.
The number of factors to test in an HPLC ruggedness test is usually between 3
and 11 (9). Occasionally, up to 15 factors can be tested (10). The common type of
design for this kind of test is a (saturated) fractional factorial design. With such designs
the factors are tested efficiently using a small number of experiments. If, for instance,
a so called Plackett-Burmann design is used, seven factors can be tested with only eight
experiments (11) (table 3). These designs assume that all interactions between factors
are negligible and estimate only the effect of single factors. The extent to which a factor
affects the performance of the method is called a main effect. The possibilities to
estimate first order interactions in fractional factorial designs are limited because the
interactions are confounded with the main effects. If the number of factors to be tested
is low (e.g. 3 or 4), then a full factorial design can be considered (fig. 2). When using
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Fig. 2 Factorial design with three factors tested at two levels
full factorial designs, mteraction effects are estimated without increasing the number of
experiments to an unacceptable number, provided the number of factors is low.

Performing the experiments
When the factors have been chosen and a design has been selected, the
experimental work can be started. This involves performing the experiments as specified
in the design and obtaining the required information from the chromatogram.
In HPLC a number of parameters can be measured (table 4). The most relevant
of these are the concentration calculated from the peak area or from the peak height.
These parameters are evaluated to decide on the ruggedness of the method. Other
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1 concentration calculated from peak area
2 concentration calculated from peak height
3 peak area
4 peak height
5 retention time
6 resolution
7 plate count

Table 4 Chromatographic parameters
parameters such as the retention time, the resolution or the plate number are also of
interest. They indicate whether the method is very sensitive to a certain factor. For
instance, a decrease in the plate number indicates that the method deteriorates if it is
not performed at the specified conditions. Resolution is a special parameter because in
certain cases, it can cause a method to be not rugged when resolution becomes lower
than a specified value.
Effects on peak height and peak area should warn the user. If, for instance, a
factor affects the peak area or height considerably, the limit of detection may be
increased. In general it is important to measure as many parameters as possible. The
more information about the method is collected, the more accurate possible problems
can be identified.

Calculating the statistical results
After carrying out the experiments, statistical information must be derived from
the experimental results. Performing the experiments according to the experimental
design leads to a data table with four dimensions:
- the number of experiments N ^
- the number of parameters N ^ .
- the number of components in the sample N^^,
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Datamatrix:
- For every parameter [Ν

], for every peak [ N ] :

Inj. 1

experiment 1
experiment 2
experiment 3

Inj. 2

χ...

x«
x«

experiment N ^

XN««!

* N ^ ,

- Experimental design [M^,,, N,,.]:
fас В

fac A
+
+

experiment 1
experiment 2
experiment 3

fас ..

+

experiment N ^

fac N ^

-

+
+

+

+

- Divisor: div
Calculations:
- Main effects for every factor [H^], for every parameter [N,,,^}, for
every peak [N™]:

M.E. - 100 *

(- x, + x, 4 x ; . .

. -

XN«)

X, * div
χ,

- Standard errors for every parameter [Ν,,^,], for every peak [N«,,,,]:

Σ D1ff.ä
i-1
S.E. - 100 *

Oiff, -

x^, - x,^

x, * K+
Table 5 Calculation of main effects and standard errors
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- the number of duplicates (usually 2)
From this data table, the main effect for every component and parameter can
be calculated for every factor. Because all measurements are usually performed in
duplicate, the standard errors can also be estimated for each component and for each
parameter (table 5).
The calculation of the main effects and the standard errors results in two tables.
The main effect is calculated for each parameter, for each component and for each
factor, so that the data table of the main effects has three dimensions [N t e , Ν , ^ . , N „ J
with Nb being the number of factors tested. The main effects indicate whether a factor
affects the response of the method.
The standard errors are calculated for every component, for every parameter and
form a two dimensional data table [ H ^ , Nj^J. The standard errors reflect the
repeatability of the method at the extreme levels. Normally, a repeatability test under
nominal method conditions has already been performed. The repeatability at the
extreme levels is investigated because, if large errors are found, the main effects become
unreliable.
Producing chemically relevant results
The next step is the translation of the statistical results into information on the
method. To identify significant factors, the main effects and standard errors are
compared to critical levels. The critical levels differ depending on the parameter for
which the effect or error was measured.
The order in which the errors and effects are interpreted is important. If the
method shows a problem with the ruggedness of the concentration, the method fails the
ruggedness test and other parameters such as resolution become less relevant.
The standard errors must be checked first (fig. 3). Standard errors are expressed
in percentages of the nominal level. The nominal level is the level at which the method
is specified in the operational procedure. In practice it appears that a standard error,
found in a ruggedness test in HPLC, less than 1 % is acceptable. If standard errors
larger than 1 % are found, repeatability is too low. In principle a standard error larger
than 1 % calls for a diagnosis. However, before diagnosing problems, possible outliers
are flagged having a difference between duplicate measurements larger than 2 %. The
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Diagnose
Standard errors

Fig. 3 The diagnosis process for the standard errors (S.E.)
outlying experiment must be repeated and the standard error is recalculated. If the
problem persists, the standard error is listed for diagnosis.
Depending on the size of the standard error, various actions can be recommended
after diagnosis. If the standard error is between 1 and 2 %, repeatability is too low. It
is then advised to repeat the repeatability test. If standard errors are larger then 2 %,
another ruggedness test should follow with the levels of the factors specified at a
narrower range. However, if sample preparation factors are tested, this part of the
method must be modified before starting a new ruggedness test. Sample preparation
problems are likely to reoccur if this is omitted. Also, if resolution is a problem, it is
suggested to improve the method at this point before a new ruggedness test is started.
If the standard errors are within the specification, a similar procedure is applied
to the main effects. In statistical terms, a main effect is significant when it is significantly
larger than the standard error for the same component and parameter. This can be
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Parameter

critical level

cone, peak area
cone, peak height
plate count
retention time
peak area
peak height
resolution

1%
1%
SO %
10 %
2%
2%
SO % or < 2 5

Table 6 List of critical levels
tested using an F-test. However, comparison of the main effect and the standard error
is not enough. If a main effect is smaller than the corresponding standard error, no
effect of that factor is found. If the main effect is significantly larger than the standard
error, a statistically significant main effect exists but this does not mean that the main
effect is relevant from the chromatographic point of view. Therefore, the main effects
are checked against predefined limits. These limits represent acceptable variations in
practice. Critical levels for main effects are specific for every parameter (table 6). E.g.
if any main effect found for the concentration is larger than 1 %, a problem is revealed
that should be subjected to diagnosis. For the other parameters the limits may be less
tight. Exceeding these limits is not automatically interpreted as a problem with the
method. However, such incidents may be considered in the diagnosis, to see if any
warning to the user is appropriate.
All main effects that are subjected to diagnosis can now be related to the factors
causing the problems. This list of factors can serve as a basis for the diagnostic process.
The factors are identified by the component and the parameter that showed the problem
and by the value of the established main effect.
It may be necessary to warn the user that certain factors may affect method
performance without being critical (table 7). Such a warning could for instance be that
changes in temperature may cause a loss of resolution. This is not necessarily critical for
the method but must be checked regularly.
Main effects on retention time can be due to the effect of drift in one of the so
called drifting factors, such as temperature or solvent composition. Drift can occur when
the laboratory temperature is not controlled or when evaporation of one of the solvents
components occurs. The user should be warned to avoid the problem.
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РгоЫип

Factor Parameter

S.E.
М.Е.

all
all

all
area
height

Redevelop sample preparation

all
aU

all
resolution

Improve method (resolution)

М.Е.
S.E.
ME.

aD
all

all
cone, area
cone, height
height
resolution

Respedfy factor levels

Recalibrate regularly

drift
all

Diagnosis

M.E.

drift

ret. time
height

МЛ.

all

p. count

Deterioration in performance

M.E.

all

area
height

Reduction of limit of detection

M.E.

all

area
height

Peak runs off scale

M.E. := Main EfTed
S.E. - Standard Error

Table 7 List of possible diagnoses of standard error (S.E.) and main effect (M.E.)
Main effects on the peak area and height can indicate problems in the sample
preparation, affecting the recovery. If any factor stemming from sample preparation
causes an effect in peak height or area larger than a certain value (default 2 %) then
the sample preparation is not rugged and must be modified. In addition, main effects
on the peak height can indicate if drift factors tend to affect quantitation. If this
happens, the user should recalibrate regularly. If the effect is too large, the conclusion
should be that the method is not rugged.
If no errors or effects are found, system suitability criteria can be formulated.
These criteria take the form of upper and lower limits for the resolution, retention time,
plate count, etc.. A test ran of the method, that can be performed at the beginning of
every day must give results within these limits (table 8). The system suitability criteria
can be found from the extreme values for the parameters obtained during the
ruggedness test. First, the lowest resolution observed in any experiment is found. This
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is matched with the maximum resolution for the same component pair. This gives two
experiments: one giving the lowest resolution overall and one giving the maximum
resolution for the same component pair showing the lowest overall resolution. The
results of these two experiments are listed as system suitability criteria.
Improving the method or the testing procedure
Interpretation of the main effects can lead to suggestions for changes in the
HPLC method. Because any change in the method will cause much additional
experimental work, for instance to repeat previous steps of the method validation
process, it is advisable to follow a conservative strategy in implementing such changes.
An example of this is to solve problems with the resolution of the method by changing
the flow rate. In many cases such a problem can also be solved by changing the column
dimensions, but this may cause much more dramatic effects than just changing the flow
rate thus necessitating much more additional testing.
If a method produces significant main effects or standard errors, it may be
possible to remedy the problem with a minimum of changes. Especially in cases that the
resolution is the parameter that is affected, a simple adaption of the method may solve
the problem (12).
Resolution is a parameter in the ruggedness test that may also cause problems
if no main effects or standard errors are found, namely when its value falls below a
certain critical value. For instance, a main effect of 5 % for resolution will not be listed
as a problem (table 6). However, if the normal resolution is below 3 (e.g. 2.6) and the
required resolution for the method is 2.5 it may occur that the resolution becomes 2.6 0.05 ' 2.6 = 2.47 which is smaller than the required resolution of 2.5. In such a case
a simple solution might be to increase the initial resolution to for instance 2.7 by
reducing the flow rate.
A conservative approach to reducing main effects may be to keep factors which
failed the ruggedness test under more rigid control. The respecified factors are then
tested anew in a second ruggedness test. This can, for instance, happen if the method
temperature is fixed at 45 deg С and initially the method is tested at 40 deg С and 50
deg C. If the main effect for one of the concentration parameters is too large upon such
changes, the test can be respecified to test the method at 43 deg С and 47 deg C. The
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Ια a two component system the lowest resolution is found in exp 1. The highest resolution for that
component pair is found in exp 5. The system suitability criteria then are for instance:
experiment 1
comp 1
2Л
2.0
2000

Rs
Ц,
Ν

comp 2
«
3.6
4000

experimenl 5
comp 1
4.0
15
2500

comp 2
65
5.9
5600

Table 8 System suitability criteria
ruggedness test is repeated and the method is now more likely to pass the test. The
tighter boundary conditions for the temperature should be included in the method
description, stating that special attention should be paid to controlling the temperature.
The tighter control of factors may also be of benefit if there is a standard error larger
than 2 %. The experiment at which this occurs and the factors that are at the extreme
level in this experiment must be identified. The test may be redefined with the factors
at a different level. If the method still fails the test after respecification of the levels,
then the conclusion should be that it is not rugged.
For some of the factors, respecification of the levels is not appropriate. For
instance, if a change in column manufacturer leads to a failure of the test, the method
should simply be specified with only one possible manufacturer.
Discussion
Expertise in the field of selecting factors, designs and diagnosing the results is
required to perform a satisfactory ruggedness test. Usually, all this expertise is not
available in the laboratory so a ruggedness test is hardly ever performed. However,
ruggedness testing can reduce the chances of failure and thus the cost of reproducibility
testing significantly. Previous results of ruggedness tests on HPLC methods indicate that
critical factors can indeed be identified (7, 8).
Because many steps in the ruggedness test are specific for a certain method of
analysis, no general approach exists except for the statistical part (4). For instance, a
ruggedness test in gas chromatography requires other factors to be tested and different
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conclusions to be drawn than a niggedness test in liquid chromatography. Even within
liquid chromatography large differences can exist between different types of analysis.
The combination of required expertise and complexity of the test procedures
make niggedness testing an ideal application area for expert systems. Expert systems
allow to implement procedures that lack good theoretical models, but on which a
considerable amount of experience exists. This is a typical situation that is encountered
in niggedness testing in HPLC and probably also in other areas of HPLC.
If expert systems are used in combination with more general algorithmic programs
(e.g. statistical packages), difficult problems, such as that of niggedness testing, can be
automated. In chapters 5 and 6 a program is described that contains this combination
of heuristic and algorithmic processes applied to niggedness testing in HPLC.
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Chapter 4 EXPERT SYSTEM DEVELOPMENT TOOLS'

Introduction
There is a rapidly growing interest to apply expert system technology in analytical
chemistry (3, 4, 5, 7, 10, 11,15). A major application of expert systems is in the field of
solving diagnostic problems such as the interpretation of spectra (7). Expert systems
however can also be valuable to assist with the planning and design of experiments.
The building of an expert system is a complex task. It usually requires a
multidisciplinary approach, which involves domain experts and knowledge engineers.
The acquisition and structuring of the knowledge that must be included in the system,
the so called knowledge acquisition and engineering process, is a crucial step in the
building of an expert system.
Two different approaches can be distinguished (19). The first one is to build the
expert system starting with an A.I. language such as Prolog or Lisp (or even Pascal,
Fortran or C). This approach allows the knowledge engineer to include the features he
judges to be necessary for a good performance. A problem with this approach is that it
requires to develop all necessary expert system functionalities which is very time
consuming.
The second approach is the use of expert system tools or shells. Expert system
tools are software packages that contain functionalities that help the knowledge engineer
to implement the domain knowledge. These functionalities include standard knowledge
representation techniques and reasoning control strategies. The use of expert system
tools can result in a sharp decrease in the development time of the expert system.
At present a broad range of expert system tools is available. For a novice user
it is very difficult to decide what kind of a tool is suitable for the problem at hand
although several comparative evaluations of tools, based on manufacturer supplied
specifications, have been published (1, 2, 6, 8, 13).

This chapter is part of the paper: JA. van Leeuwen, B.G.M. Vandeginste, G J. Postma, G. Kateman,
An evaluation of expert system tools on their use in High Performance Liquid Chromatography,
Chcmomctrics and Intelligent Laboratory Systems, 6 (1989) 239-252
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In this chapter, four tools used for the building of expert systems, are evaluated. The
evaluation is part of a larger evaluation study in which seven tools are evaluated,
categorised in small, mid-size and large tools. The evaluation presented in this paper
includes one or two tools from each of these categories. The aim of the evaluation is
to select a tool for the building of an expert system on method development in HPLC.
This expert system must cover the entire process of method development from the initial
first guess of method conditions to the validation of the new developed method under
different operational conditions. It includes intermediate stages such as the choice of an
optimisation criterion and the optimisation of the instrumental conditions (column
length, particle size etc.) (17). The tools included in this evaluation are the small tools
Delfi-2 and APES, the mid-size tool Goldworks and the large tool KEE (20 21).
The evaluation is made by implementing a small test knowledge base, requiring
similar functionalities as the final knowledge base, in each of the tools. By comparing
the results of the test implementations a conclusion can be drawn about the suitability
of each of the tools for this type of problem. This is a common procedure in knowledge
engineering (1 14 16).
Description of the knowledge domain
The final expert system will include four subsystems, representing major stages
in method development in HPLC. The four knowledge domains of the expert system are:
- a first guess expert system, providing a first guess of the method conditions depending
on structural information on the compounds in the solutes mixture
- an expert system on selectivity optimisation, giving advice on a suitable criterium for
the optimisation of the selectivity of the method
- an expert system on the optimisation of instrumental parameters such as flow rate,
detector wavelength, column and particle size
- an expert system on method validation advising on the tests to be performed and their
planning.
Each domain involves different types of interactions between the expert system
and the user, other processes and data structures. The first domain will probably require
to call a software package to input the chemical structures of the compounds present in
the solutes mixture in the system. The second domain will probably require to call a
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chromatographic optimisation package. The third domain requires the use of a large
database of columns including properties such as tradename, column length, particle size,
column functionality. The fourth domain calls external processes that process the
experimental data obtained in this domain.
Different types of knowledge are present in each of the domains, e.g.:
- constraint reasoning is found in the third domain where resolution is traded off against
speed, under the constraint of a minimal allowable separation
- diagnostic processes are found in the first and fourth domain. In the first domain
certain functional groups present in the molecule will indicate chromatographic
behaviour. In the fourth domain results of validation tests are diagnosed to give an
advice on improving the method if necessary.
Description of the test knowledge base
The tools are evaluated by implementing a test knowledge base in each of them.
This test knowledge base must fulfill certain criteria to be acceptable as such. Primarily
it must be representative for the knowledge to be implemented in the final expert
system. The test knowledge base must therefore contain knowledge on HPLC method
development. The test knowledge base must also be validated and used in practice,
without showing inconsistencies. Ideally, the test knowledge base should be the domain
knowledge of an already existing expert system that has proved its use in practice. A
third criterium for the test knowledge base is that it must be discriminative, to indicate
the strong and weak points of the tools.
An acceptable test knowledge base was found in the expert system developed by
Massart et al (10) on the selection of the mobile phase for an HPLC method for some
pharmaceutical samples. This expert system contains a validated knowledge base and
yields good results (11). It meets the criteria of the test knowledge base described above.
Figure 1 shows the elements of the test knowledge base.
The test knowledge base is divided into four domains that contain knowledge on
different processes that contribute to the solution of the problem. The four domains
are:
1. finding the acidic or basic properties of the solutes mixture
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Fig. 1 Objects and attributes in the test knowledge base
2. finding a suitable detector for the system
3. finding a suitable mobile phase for the system
4. finding a suitable tailing suppression agent if necessary
To make the test knowledge base better representative and discriminative, an
external process was added. External processes (or externals) are, for instance, search
routines through large databases or extensive calculations that can not be carried out
by the tool. They will be an important part of the final knowledge base. A database
containing information on the compounds (drugs) was added as an external process to
the test knowledge base. For each drug, the database includes the

absorbance

coefficient at 254 nm and 220 nm, the maximal absorbance coefficient and respective
wavelength.
Further discriminative features added to the lest knowledge base are processes
that must be consulted more than once during a consultation. E.g. the process to
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determine the acidic basic properties of an individual compound must be repeated as
many times as there are compounds.
Also the knowledge base contains simple mathematical operations such as
multiplication, division and comparison of numbers. These simple calculations must be
implemented in the expert system tool. It would be cumbersome to define an external
for every calculation in the knowledge base.
The input into the system by the user consists of the following information:
- The compounds in the solutes mixture
- The formulation of the compounds (salt or non salt)
- The number of С atoms in each of the compounds (to estimate the hydrophobicity of
the compound)
- The functional groups of each compound (to determine their acidic/basic properties)
- The approximate concentration of the compounds
- The pathlength of a UV detector if necessary
- The injection volume of the system
With this information the system first selects a suitable detector and determines
the acidic or basic properties of the solutes mixture.
The detector is selected by comparing the UV detectability and oxidisability of
each compound. The options are: a UV detector with a wavelength fixed at 254 run,
fixed at 220 nm, a variable wavelength detector or an electrochemical detector. These
detectors can also be combined. UV detection at 220 nm is only considered if the
sample contains one compound.
The acidic or basic property of a compound is estimated depending on the
presence of certain functional groups e.g. a pyridine group is weakly basic, a sulfonamide
group is a strong acid. These properties are combined to yield an acidic or basic
property for the entire solutes mixture.
The acidic or basic property together with the selected detector, and the
hydrophobic character of the solutes mixture, determine the type of mobile phase. The
acidic or basic property and the number of compounds indicate the use of a tailing
suppressing agent.
Figure 2 shows a Data Flow Diagram (9) of above mentioned reasoning process.
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Fig. 2 Data Flow Diagram of the test knowledge base

Tools and languages
The classical representation of an expert system is shown in figure 3. It includes:
- one or more inference engines, which control the reasoning process in the knowledge
base
- the knowledge base itself which contains the domain specific knowledge. This is the
knowledge which defines the expert system's world.
- the user interface, which guides the user of the system through the various stages
during the consultation.
- externals, which are called when the reasoning process requires to perform some
calculations or to connect a database.
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Fig. 3 Structure of an expert system
An expert system development tool standardizes the parts of a normal expert system to
make them applicable to more than one knowledge domain. An additional part of a tool
which is less important for the final expert system but very important for the
development of an expert system is the knowledge engineer interface (fig. 4).
Depending on the quality of the above mentioned features of a tool, one can
distinguish three classes of expert system development tools: shells or small tools, mid
size tools and large tools (1). A short characterisation of each class follows. For an
explanation of some АЛ. terms see table 1. For more information on Artificial
Intelligence see, for instance, Nilsson (12).
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Shells
Shells are the most limited expert system tools, meant for the implementation of
limited types of knowledge (usually diagnosis). Usually, only one or two inference
techniques are provided (normally depth first backward chaining or breadth first forward
chaining). The user interface is usually highly standardised and fixed, without the
possibilities to design a tailor made output. The knowledge representation is limited to
fit the type of domain knowledge for which the shell was developed. For instance a tool
to solve diagnostic problems will be rule-based and use parameter-value pairs. Interfaces
to externals, if available, are standardised.
Mid-size tools
Less limited are the mid-size tools. They allow development work, knowledge
acquisition and knowledge engineering, by offering various inference techniques and
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Chaining:
The consecutive consultation of rules written in an IF... THEN ... format.
Chaining takes place in two basically different ways
Forward chaining: If the condition (IF) part of a rule is made true at a certain point during a
consultation, this rule is triggered.
Backward chaining: If the goal of the consultation is in the consequence (THEN) part of a rule,
the parameters in the condition become subgoals. The process is repeated with the subgoals until
rules are found with conditions that are satisfied in the global database of the system
Both chaining methods need a set of initial facts to be present in the global database. The backward
chaining method also needs the definition of a goal parameter which is the goal of the consultation.
Message Sending:
Each object in the knowledge base has procedures attached to it that work on that object. The
procedures are activated if they get a message from another procedure. If the messages are actually
sent by other procedures this is called object oriented programming. If the procedures are
implemented as demons which are triggered when certain facts appear in the global database this
is called access oriented programming.

Conflict resolution is necessary when it is possible that at a certain moment more than one action
can be triggered. The conflict resolution mode must then decide which action must go first. Various
conflict resolution modes exist. For chaining Lhc most important are depth first search and breadth
first search. For message sending usually agenda structures are used.

Table 1 Explanation of expert system technology
knowledge representation facilities. Inference techniques that are found in mid-size tools
include forward and backward chaining with various conflict resolution modes and object
and access oriented programming. The knowledge representation facilities are structured
accordingly and often include the use of frames with various modes of inheritance.
For the use of the object and access oriented programming technique it is
necessary to define procedures in the language in which the tool was written, usually this
is Lisp (or Prolog).
The user interface is not standardised but gives the knowledge engineer the
possibilities to customize the interface to the needs of the end user.
The knowledge engineer interface includes specialised knowledge base editors,
tracer facilities and debuggers. Often, standard interfaces to popular software packages
such as spread sheets and database programs are provided.
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Large tools
Large tools provide real expert system development environments. They offer
various inference techniques that can be mixed as the knowledge domain requires. The
knowledge is represented in a flexible way. Usually these tools can reason with different
hypothetical situations simultaneously. They can select the best option to continue with,
without loosing other options that may turn out to be better in the end. Often they also
supply aids for knowledge acquisition such as natural language interfaces.
The user interface includes the possibilities to program graphics that can be
activated by the system or by the user.
The knowledge engineer interface includes knowledge base editors, tracers on
various levels, specialised debuggers and sometimes consistency checkers. Consistency
checkers check for every new item added to the knowledge base if it is consistent with
information already present. They conserve the logical structure of the knowledge base.
External processes are connected via the underlying language of the tool.
Tools are development environments in which user interfaces and inference
engines can be selected depending on the needs of the knowledge domains to yield a
tailor made expert system. Much less standardisation is offered than in the shells and
mid-size tools.
It is clear that one should first decide on the class of tool which is required to
represent the knowledge before a choice for a tool is made.
Test knowledge base implementations
The test knowledge base has been implemented initially in three tools. Each of
the tools represents one of the classes of tools described before. A short description of
each tool is given, together with remarks on the criteria that are important for the
implementation of the test knowledge base. As an illustration of the knowledge
representation capacities of each tool, the implementation of an example rule in each
of the tools is given. The rule is also described in a standardized format, used for the
documentation of the knowledge base (table 3).
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Because of the problems encountered with one of the small tools, an additional
implementation in another small tool was made to check whether the problems were of
a general nature. A list of features of each tool can be found in table 2.
Experimental
For each of the tools different hardware facilities were required. Delfi-2 (St.
Knowledge Systems Research Group, the Netherlands) was implemented on an IBM
PS/2 model 50 with 1 Mb of internal memory and with a mathematical coprocessor.
Delfi-2 is written in Pascal. The Prolog based tool APES (Logic Programming Associates
Ltd, Great Britain) was implemented on the same hardware. It is based on PROLOG
Professional c.q. sigma-PROLOG. Tested is version 2.1 based on LPA PROLOG
Professional 1.4. Goldworks (Gold Hill Computer Inc., U.SA.) was implemented on an
IBM PC/AT with 8 Mb of extended internal memory. The IBM PC/AT was equipped
with a mathematical coprocessor. Its original oscillator was replaced by one of 10 MHz.
Goldworks is written in Golden Common lisp (Gold Hill Computer Inc., U.S.A.). KEE
(Intellicorp, U.S.A.) was implemented on an Apollo Domain DN 3000 workstation with
8 Mb of internal memory and a harddisk of 170 Mb. KEE was originally written in
Lucid lisp and is adapted to meet the Common lisp standard. Tested is version 3.0.
Dem-2
Delfi-2 belongs to the class of small tools or shells. It is derived from the shell
Emycin. The knowledge representation of Deffi-2 is limited to rules and attribute-value
pairs (table 3). This caused serious problems for the implementation of the test
knowledge base. The major problem was that relations between attributes could not be
defined. For instance, the definition of the relation between a compound and its
functional groups is essential for a good implementation of the test knowledge base and
could not be defined in Delfi-2. It was also not possible to add new compounds to the
list of compounds known to the system without changing the parameter-value list. So for
every compound added to the domain knowledge of the system, the internal structure
of the knowledge base had to be changed.
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partial
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X
X

X
X

X
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X
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X
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o
o
o
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χ
χ
χ
χ

X
X
X
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χ
χ
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ο

o
o
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Direct access to operating
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User and knowledge enyineer
interface
Specialised editors
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Compiler
Consistency checker

χ
χ

χ
χ

χ
χ
χ

χ
χ
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Graphics
Menus
Text strings

χ
χ

χ
χ

χ

χ
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How
Why
What if

χ
χ
χ

χ
χ
χ

χ
χ
χ

χ
χ
χ

X

available in tool and used in Ihc implementation of the lest knowledge base

О

available in tool not used in the implcmentalion

Table 2 Comparison of tool features
The use of variables was not possible in the rules (table 3). This caused a
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Documentation Representation
IF
the number.or.solutes of solute.mixture is 2
AND the number.of.solutes.wllh.less.than.lO.C.atoms is 2
THEN
the mobile.phasc of system is
nonnal.phase
¡on.pair.chromatography
Dein-2
40
if
notknown system mobiIc_phasc_of_system ;
equal system ш_оГ s_of s_mix 2 ;
equal system nr_oÇs_with_Iess_than_10_c_atoms 2 ;
then
conclude system mobile_phase of system normal phase ;
1.00
" "
conclude system mobile_phase of_systcm ¡on_pair chromatography ;
1.00
Π

@
APES
3 (normal phase or ion pair type plus_additive) is-eluent-given-deteaor_mode if
_n is-no-of-solules and
η EQ 2 and
S is not true that (
amperometric is on list jnode) and
it is not true that there-are-addic-and-basic-solutes
and
(forall _namc is-solute and
_name has-no-of-c-aloms no
then _no is less than 10) and
additive is-solvênt-additive

T a b l e 3 Example of a rule implementation in each tool

problem b e c a u s e a large number of possible c o m p o u n d s must b e represented. T h e
impossibility t o use variables in rules forced the definition of separate rules for every
compound w h e r e o n e rule would have b e e n sufficient with a variable representing the
compound n a m e .
A n o t h e r p r o b l e m w a s the impossibility to group rules in rulesets. T h e natural
division of the k n o w l e d g e base could not b e represented in Delfi-2 b e c a u s e of this
limitation. It w a s also difficult t o k e e p an overview of the k n o w l e d g e b a s e w h e n the
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number of rules exceeded approximately 50, which was the size of the test knowledge
base.
The inference engine of DeIfi-2 supports monotonie, depth first, backwards
reasoning. This means that it is not possible to fire the same rule twice during a
consultation. This caused a problem in the implementation of the test knowledge base
because rules that deduct the acidic basic properties of each compound must be
consulted for each compound.
Delfi-2 is written in Pascal and supports simple external processes written in this
and other languages (such as Basic). External processes are interfaced by the use of
special task parameters. A task parameter was used to interface an external process for
the calculation of the number of compounds in the mixture with less than 10 С atoms.
The use of this external process avoided the problem that rules can only be consulted
once during a consultation. A special interface is available to database files written in
dBase III format. This interface was used to implement the database of the test
knowledge base in Delfi-2.
Delfi-2 presents the end user a standard and fixed output-input screen which is
divided into an "ask user" window for the communication with the user, a menu with
possible answers to questions coming from the system and a trace window in which the
user can follow the reasoning process and in which the results of the consultation are
presented. This interface was not satisfactory, as it did not provide an overview of all
answers entered by the user. It also erased intermediate results from the screen soon
after they appeared.
Three features are provided to support the construction of the knowledge base.
A "context-parameter" editor to edit the parameters, a rule debugger to check the rules
on syntax errors and a tracer to follow the reasoning process during a consultation.
APES
APES too belongs to the class of small tools or shells. The knowledge
representation is limited to rules. The rule structure is that of Prolog : one conclusion
based on one or more conditions. (The syntax is more readable than the more or less
standard Edinburgh syntax.) The conclusions and conditions can consist of attributevalue pairs but the number of values (arguments of the attribute) is not limited to one.
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Because of this, repeatable rule bases are possible, contexts can be set and attributes can
be related, but the readability of the rules decreases (table 3). Functions and logical
operators (e.g. not, equals, or, forali... then ...) can be called as condition.
The values of the attributes are strict local to the rules in which they are used
(lexical scoping). This means that the value of an attribute deduced via the condition of
one rule is not known in another rule: it again has to be deduced. Via the underlying
Prolog environment, values of attributes can be made global.
Within one group of rules, all the rules are considered for the deduction of an
attribute. Some of the rules can only be excluded from further evaluation via the
negation of conditions used in other rules. This was needed for the implementation of
the test knowledge base.
The tool uses the inference engine of Prolog, non-monotonic depth first backward
reasoning. If a solution to a problem is found, the next solution can be asked for.
Because of the backtracking strategy of Prolog, the most recently consulted rales are
reconsulted first. A possible negative consequence of this is that, when the rules are
structured from most general to most specific, subsolutions (variations on the first
solution) can be given first before the more general alternatives are produced.
No direct interface to spreadsheets or databases exist. External programs can be
started and results can be read via files but this takes a considerable programming
effort. A direct access exists to С and Assembler. The database used in the test
knowledge base was implemented via the answer database of the shell. This has the
advantage that, if certain values of attributes stored in that database are not known, the
system automatically asks the user for it. This database can be edited, listed and saved
for later consultations.
The Prolog environment can be used to perform certain tasks. Because the rule
structure of the shell is that of Prolog, procedures to perform certain tasks such as
calculations can be implemented and separated from the knowledge base without much
extra effort. This is used for the calculations in the test knowledge base.
APES is menu based and has a standard "ask user" interface and another one for
giving the results. The way the questions and results are displayed can be tailored to
the functions of the knowledge base by the knowledge engineer. Limitations can be set
to the answers that are expected from the user. More than one answer to a question
can be allowed for. Natural language templates can be set on questions and rules. The
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construction of the end-user interface (natural language templates, answer limits, etc.)
is somewhat awkward: for each rule and/or attribute each end-user interface adjustment
function has to be programmed via rules. The size of most of the windows is fixed and
proved to be too small on various occasions.
A syntax checking editor exists for the construction of the knowledge base and
Prolog programs. When the knowledge base becomes larger, a good overview is lost
Tracing is done via the standard explanation/consultation facilities of the shell.
APES supports the following floating point double precision numerical operators:
+i -. *> /. exponent, goniometrie functions, (anti) logarithmic functions and random
number generation. Logical operators such as equals, less and greater-than also exist.
From these, complex equations can be constructed. A large number of Prolog build-in
functions are also available.
The implementation of the test knowledge base in Delfi-2 did not result in an
acceptable expert system because of the problems described above. The problems are
mainly due to a lack of flexibility in knowledge representation and user interfacing.
Delfi-2 made the impression that it could be more powerful if some basic features were
added, like the possibility to define relations between the objects in a knowledge base
or the division of rules in a ruleset. The user is not given a possibility to make these
additions. This is basically caused by the implementation of Delfi-2 in Pascal which does
not allow the addition of new functions without changing the existing program structure.
In Lisp-based or Prolog-based tools these problems were not encountered.
During the implementation of the test knowledge base in APES, only small
problems were encountered. Standard software could not be linked directly. Drawbacks
of the system were its limited knowledge representation facilities, limited inference
engine and user interface. On the other hand, because of the underlying Prolog
programming environment, extra functions can be implemented easily. The results of
these implementations seem representative for the small tools.
Goldworks
Goldworks is a good representative

mid-size tool. It supports knowledge

representation in frames, rules, rulesets, assertions, relations and object oriented
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Goldworks
(dcíme-mle mobiJe-phase-Oó
(iprint-oame "mobilc-phase-06"
tdoc-string ™
rdependency nil
:direclioD :forward
:certamty 1.0
:cxpIanation-string ™
¡priority 550
¡sponsor mobile-pbase-spoiisor2)
(instance ?mix is solute-mixture
with number-of-solutes 2
with number-of-lcss-lO-t-atoms 2)
(instance ?sys is system)
then
(instance ?sys ¡s system
with mobile-phase normal-phase
with mobile-phase ion-pair-chromatography))
KEE
(NORMAL.OR.ION.RULE1
(•hans- "3-1-S8 14¿9:11" "hans- "3-2-88 9:16:35")
NIL

0
((EXTERNALJORM
((IF (THE SOLUTES.NUMBER OF SOLUTES.MIXTURE IS ?NUMB)
(THE NR.LESS.THAN.10.CATOMS.SOLUTES OF SOLUTES.MIXTURE IS
7CNUMB)
(LISP (= ?NUMB 2))
(LISP (= 7CNUMB 2))
THEN
(OR (THE MOBILE.PHASE OF SYSTEM IS NORMAL.PHASE)
(THE MOBILE.PHASE OF SYSTEM IS ION.PAIR.CHROMATOGRAPHY)))))
(MAKEAND.WORLD? (NIL))
(RULE.TYPE (SAME-WORLDACTION))

))
Table 3 Cont'd Example of a rule implementation in each tool
programming. These techniques are integrated, a hybrid of them is allowed in one
knowledge base.
The test knowledge base has been implemented in five rulesets that are
controlled by a supervisor. The rulesets are the four reasoning systems described before,
and an additional ruleset to control the communication with the user. In Goldworks,
rulesets are represented by assigning rules to a sponsor (table 3 Cont'd). Actions with
an algorithmic nature, such as the counting of the number of compounds that are UV
active at 254 nm, were represented in procedures by the use of an object oriented
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approach. The knowledge representation facilities appeared to be powerful enough to
implement the test knowledge base without problems.
Goldworks supports backward and forward reasoning by pattern matching to
control the reasoning process. The inference engine also allows non-monotonic
reasoning. This is done using a retraction facility. If a fact is retracted, or made untrue,
all the facts depending on it are also retracted.
An additional possibility of reasoning control is the use of the goal directed
forward chaining inference technique. Forward chaining rules on the same object are
collected in rulesets which are only fired if, during a backward chain, the system needs
information that can be produced by the specific ruleset.
The test knowledge base was implemented using a combination of goal directed
forward reasoning for control of the reasoning process and object oriented programming
for the interaction with the database.
For the implementation of the database of the test knowledge base the standard
interface to dBaselll was used. A similar interface to the spreadsheet Lotus 123 exists
but was not used in this implementation.
The numerical capabilities of Goldworks are limited to the numerical capabilities
of Lisp. For every calculation, a Lisp function can be written which can be used in rules,
frames and handlers. This was done for all the calculations required by the test
knowledge base.
The knowledge engineer can interact with Goldworks at two different levels. The
menu interface gives the knowledge engineer a frame and rule editor in which standard
knowledge base building can be done. Predefined formats for rules and frames are
presented to the knowledge engineer. The menu interface checks for syntax errors and
constraint violation in all definitions.
The second level is the developer interface which consists of a set of special Lisp
macros which allow the same definition of frames and rules as the menu interface. The
editor for this interface is the Gmacs editor which is basically a Lisp editor.
For the implementation of the test knowledge base, the menu interface was used.
If the menu interface could not perform the actions needed, the developer interface was
used. The developer interface proved to be a more powerful tool when some experience
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with Goldworks was acquired and was necessary for the definition of the procedures
used in the object oriented part of the system.
A screen tool kit allowed the building of a user interface. Standard examples of
pop-up menu's of various sorts are provided and can be changed by the knowledge
engineer if necessary. This tool kit was used to create an interface for the end user. The
interface allows the user to change previously given answers, to recall previous questions
and to restart the consultation.
Goldworks seems to be a good tool for the implementation of this type of
knowledge because it includes various ways of inferencing and knowledge representation.
Its main advantage is that it allows integration of all available features so the knowledge
engineer is not limited to certain combinations of techniques. A disadvantages is the
large amount of required RAM (8 Mb). The implementation of the test knowledge base
caused no problems in Goldworks and a satisfactory expert system was built with it.

KEE
K(nowledge) E(ngineering) E(nvironment) is a hybrid tool for the development
of expert systems.
The basic knowledge representation facilities of KEE are frames, objects and
rules (table 3 Cont'd). All these were used in the implementation of the test knowledge
base. However the system is capable of handling more complex knowledge bases than
the test knowledge base.
The architecture of KEE is very open, e.g. a knowledge engineer can modify the
basic frame structure of KEE if wanted, enabling him to tailor the system to special
needs. An advanced knowledge of Lisp is required for this purpose.
For the implementation of the test knowledge base, a combination of object
oriented programming and backward reasoning was used. The reasoning process is
centered in the operator frame which activates the appropriate rulesets. The rulesets
identified in the test knowledge base were subdivided into smaller rulesets to make the
knowledge base better structured and better represented. For instance, the example rule
in table 3 Cont'd is part of the ruleset phase.rules.
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The external database of the test knowledge base was implemented in Common
Lisp. As a result the database became an internal process. Implementing the database
as a real external was judged too difficult and time consuming because KEE does not
supply facilities to interface standard software packages. This implementation of the
database was no problem because the size of the database was relatively small. For large
databases however, this will be a problem. The interface to a larger database or an
external process must be defined in Lisp by the knowledge engineer.
All calculations were made in Common Lisp. Common Lisp functions can be
added to a KEE knowledge base as procedures.
KEE supplies several aids to the knowledge engineer such as full screen display
of the knowledge base, several tracers with graphical output, a specialised editor with
syntax checker and a truth maintenance system. It is clear that KEE is developed to be
an engineering environment much more than to be an expert system shell. Because of
the facilities that KEE offers to the knowledge engineer it can take some time for an
unexperienced knowledge engineer to learn the system (half a year).
KEE Pictures and KEE Active images allow the knowledge engineer to design
a user interface according to the needs of the knowledge base. Both facilities were used
for the implementation of the test knowledge base.
KEE performs very well when it is used as a development environment. Because
of the various representation and inference techniques available, different types of
knowledge can be represented using KEE. Once the knowledge engineering has been
completed using KEE, it can be profitable to make runtime versions of the expert
system in a simpler (mid-size) tool or shell without these knowledge engineering
facilities (18). The implementation of the test knowledge base was no problem using
KEE.

Conclusions
A tool that is to be used for the implementation of knowledge bases such as the
one described in this paper must certainly have the following features:
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- a hybrid knowledge representation allowing knowledge representation in rules, frames
and objects.
- a choice of inference engines that can be mixed in one knowledge base.
- a way of dividing the knowledge base in subdomains.
- a user interface development facility
- standard interfaces to other software packages.
Furthermore, a runtime version on a personal computer must be available for practical
use of the expert system.
From the different test implementations it is concluded that a mid-size tool is
preferred for the implementation of the test knowledge base. Mid-size tools are probably
also the best tools for the implementation of larger knowledge bases in the same
knowledge area. A possible problem could be the size of the knowledge base. If it
becomes too large, the knowledge base may become unmaintainable. The mid-size tool
chosen in this evaluation (Goldworks) allowed a cost effective implementation of the test
knowledge base.
As can be read in the evaluation, tools from both the other classes missed one
of the features described above. The sniall tools pose a number of limitations to the
implementation of the test knowledge base. They lack the flexibility needed in
knowledge representation, inference technique and user interfacing. Small tools have
their use for limited knowledge domains with a simple structure. They are also good
learning systems to get introduced in the area of expert system technology.
The use of large tools requires advanced skills in the area of knowledge
engineering to get started in a reasonably short time. The manufacturer claims one
should allow approximately half a year to leam the use of the tool. This will cause
difficulties in a situation in which the expert wants to see quick results of his work on
an expert system. Large tools do not allow rapid prototyping unless one is experienced
with these tools. A specific problem with the test knowledge base was the difficulty with
the implementation of the external process, the database. Another disadvantage of the
large tool is that it should be implemented on a workstation.
The approach of implementing a test knowledge base in tools from different
classes gave an estimate of the problems that can be expected during the
implementation of a real knowledge base on the same subject. The only criterium that
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fails to be tested is the size of the knowledge base that can be implemented in the tool.
This is of course inherent to the approach taken.
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Chapter S THE FACTOR CHOICE EXPERT SYSTEM'

Introduction
Method validation is becoming increasingly important in the development of new
HPLC methods (1). Regulatory authorities often demand extensive testing procedures
before a method can be accepted. A method validation procedure usually involves
testing the specificity, sensitivity, accuracy, precision and limitations of the method (2,
3). Testing the precision of the method always includes some sort of repeatability and
reproducibility testing (4, 5). Extensive interlaboratory reproducibility tests may be
needed if the method has shown to be repeatable. Before the method is embarked on
an interlaboratory reproducibility study it can be profitable to perform a ruggedness test
to study the effect of performing the method under slightly different conditions.
A ruggedness test evaluates the influence of varying circumstances on the
performance of the method (6, 7). Circumstances can change if the method is used in
a different laboratory than the one in which it was developed. Changes can also occur
when several analysts operate the method or when the method is run on a different
instrument
Changes in method performance are caused by changes in influential factors. Such
factors can be divided into two groups. The first group of factors is related to the normal
stochastic processes involved in routine analysis. For instance, if the method contains a
procedure "shake the sample" and the shaking time is specified as S minutes, actual
shaking times will be normally distributed around the specified value. A ruggedness test
can indicate if a method is specially sensitive to this type of variation in a factor.
Another group of factors is varied on purpose (or sometimes by accident) by the
person operating the method. If a method is developed on a column of a certain brand
it may be possible to run the method on a column of a different brand but with the

'This chapter is part of the paper: JA. van Leeuwen, B.G.M. Vandeginste, G. Kateman, M. Mulholland,
A. Cleland, An expert system for the choice of factors for a ruggedness test in liquid chromatography,
Analytica Chimica Acta, 22S (1990) 145-153
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same specifications. However this will not always be possible. Λ ruggedness test can
answer the question whether the column can be changed or not.
The expert system described concentrates on the first part, the choice of factors.
It is an important step in a ruggedness test because its use depends on the testing of all
the relevant factors. The number of experiments increases dramatically with the number
of factors so it is also of great importance that not too many factors are selected. For
every HPLC method, the relevant factors that must be tested will be different. Because
the field of HPLC development is very broad, the expert system was limited to the
analysis of pharmaceutical samples although the rules and reasoning employed could
apply equally well to other applications of HPLC.

The expert system
Experimental
The expert system was implemented in the expert system building tool Goldworks,
version 1.1 (Gold Hill Computers Inc., U.S.A.). An IBM PC/AT was used equipped with
a mathematical coprocessor. The internal memory of the computer was extended to 8
Mb. The original oscillator of the computer was replaced by one of 10 MHz.
The knowledge base
The basis of the expert system is a full description of the expert system's world
represented in a network of frames (9). The frames are a representation of the objects
on which the expert system can reason and which define therefore the world on which
it has knowledge. The network of frames in the expert system can be divided in two
parts. In the first part, a description of the developed method is given. The second part
describes the factors that can be selected for testing.
The method description frames are subdivided in subframes each representing an
essential part of the method. These parts are the sample, the sample preparation, the
preparation of the calibration solution, the column, the Chromatograph, the detector, the
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datahandling, the results obtained with the method under normal method conditions and
the user requirements (fig. 1). In the subframes, the features of the different parts of the
method are described.
The sample description is initially limited to a description of the formulation of
the sample. Depending on the actual formulation of a sample it may be necessary to
obtain a more detailed description. For instance, if the sample is in a formulation with
a biological origin then additional information on the exact matrix is required. The
matrix can then be described as either blood, plasma, urine, skin or tissue. If the sample
is formulated in a relatively simple matrix such as a tablet, a capsule or a syrup no
additional information is required. The function of this sample description is to see
whether matrix effects can interfere with the analysis.
The sample preparation frame contains a list of procedures that can be included
in a sample preparation procedure. The procedures range from the initial sample
preparation step, how the sample is taken, to the final extraction of the solutes from the
matrix. A sample preparation procedure can involve different procedures such as weigh
the sample, shake the sample, ultra sonicate the sample, heat the sample and shake it
and several dilution and filtration steps (fig. 2). The description of the sample
preparation has been restricted to a number of combinations of procedures that reflect
sample preparation in practice. For instance, it makes no sense to include an ultra
sonication and a shaking step in the same sample preparation.
The frames on the preparation of the calibration solution involve basically the
same procedures as the sample preparation step. The main differences are in the
procedure how to take the calibration sample which is normally done by weighing the
reference material. Other differences are in the extraction procedure where column
extraction is not used and extraction procedures are limited to filtration and
centri fugation.
The Chromatograph frame describes the chromatographic part of the system. The
mobile phase is described by the number of solvents and the relative amounts of solvent.
The number of solvents is limited to four. Five additives to the mobile phase can be
described. The amount of additive is described by its weight or volume relative to the
weight or volume of the original sample. If the mobile phase is buffered then the
concentration of the buffer must be specified. The values for the pH of the mobile
phase, the injected volume of sample and the temperature of the mobile phase can also

69

— sample
— sample prep
method
— calib prep
description
— Chromatograph

input

—

sample prep factors—
calib prep factors —
chrom factors —

— column

column factors —

— detector

detector factors —

— output

— data handling
'— results
method
usage

Fig. 1 Input and output of the system
be specified in this frame.
Another important part of the method, the column, is described by its stationary
phase (functionality), particle size, internal diameter and length. Additional information
is required on the column manufacturer and the batch in which the column was
produced. Also the presence of an eventual guard column must be specified.
The choice of a detector is limited to a uv detector or a refractive index detector
at the moment. In the case of a uv detector it is necessary to specify if a fixed or
variable uv detector is used or a diode array detector. For all uv detectors it is necessary
to identify the wavelength, attenuation and the time constant of the detector. When a
refractive index detector is used it is necessary to know the range, attenuation,
temperature and the time constant of the detector.
To have a correct description of the data handling section of a method the delay
time (time elapsed before the first peak starts eluting), the peak width, the minimum
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peak area or height and the slope sensitivity of the method must be specified.
It is also necessary to have a description of the chromatogram that is obtained
when the method is used under the circumstances with which it was developed. The
chromatogram is described by only a few parameters, the minimum resolution, the
minimum retention time, the overall runtime and the worst peak asymmetry.
A complete description of the method, including the results obtained with it, is
now available to the expert system. However, information on the usage of the method
is also necessary to give advise on the factors to be tested. The system uses this
information primarily to decide to what extent ruggedness testing is necessary.
Information on the usage includes estimates of the number of laboratories in which the
method is used, the number of analysts who will use the method, the average run length
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and the application of the method (e.g. stability indication, quality assurance or quality
control). Submittance of the method to a regulatory body must also be specified.
The second part of the framework describes the factors that can be tested in a
ruggedness test. The factors part of the framework contains a list of all the factors that
the expert system can select. As in the method description, the factors are divided in
seven groups, each group being related to a part of the method description (fig. 1).
The group of sample preparation factors, for instance, contains all the factors of the
sample preparation procedure such as sonication time, dilution factor, etc..
Together with the division of the factors in the different method description
groups there is another division of the factors in the system (table 1). This division is
based upon the difference in nature of the variation in the factors. One group of factors
can be varied in infinitely small steps. These factors are called numerical factors.
Variation in a numerical factor is described as a percentage deviation from the nominal
value of the factor. The upper and lower levels represent an estimate of the maximum
variation expected for the factor. Examples of numerical factors are temperature, shake
time, etc.. Sometimes it is more practical to specify a step size for these factors and not
a percentage. This is for instance the case for the factor wavelength. For a numerical
factor it is also important to keep in mind which unit is attributed to it e.g. for
temperature this will normally be degrees Celsius and for shaking time this will usually
be minutes.
The second group of factors can only be varied in discrete steps. They require a
different approach. It is not possible to give a variation percentage for these factors,
the levels must be specified explicitly. Also, the distinction between upper and lower
level usually disappears for these factors. The levels no longer give an estimate of the
expected variation in the factor but dictate which specific change in the method can be
allowed (or cannot be allowed if the method fails the test for this factor). A typical
example of such a factor is the factor column manufacturer. Although there are only a
few discrete factors, they are important enough to include them in the framework of the
system.
The rules contain the expert knowledge of the system. They are rules with a
simple IF .... THEN .... syntax (table 2). The variables in the rules are attributes in the
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factor
procedure
nominal-level
upper-level
lower-level
numcrical-Cactor
factor-unit
variation-percentage
discrete-factor
variation-item
variation-step

Table 1 A discrete and a numerical factor
framework described before. The general concept underlying these rules is a check on
the presence of certain facts in the method description. If the facts are present (if the
attributes in the condition have the required value) the rule can draw conclusions on the
necessity to test a factor. Every normal rule draws a conclusion on one factor. If the rule
fires, the factor is selected and the levels at which it must be tested are established.
This general concept is refined to make a distinction between two different types
of rules, normal and meta rales. Normal rales are rules that deduce the necessity to test
a certain factor from the description of the method given by the user. They combine
attributes from the different parts of the method description to evaluate the influence
of a factor on the performance of the method. If the factor is judged to be critical for
the method, it will be selected.
An example of a normal rale is the sonication rule which draws a conclusion on
the necessity to test the factor sonication time (table 2a). If there is a sonication step
in the sample preparation that is longer than S minutes then it will be necessary to test
the sonication time by varying it + 20 % and - 20 %.
Normal rules are divided in rulesets (table 2). For each raleset conditions are
specified which indicate when the rulesets are activated.
Rulesets are activated or deactivated by consulting meta rales. Meta (or control)
rales contain knowledge on the control of the reasoning process. They decide whether
consultation of a specific raleset of normal rales is necessary. Meta rules are necessary
because several normal rules could decide on the inclusion of a certain factor and its
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(A)
factor sonicate rule
(instance ''sam-prep is sample-preparation
with sonicate-minutes 'mm)
(> ?min 5)
then
(instance sonicate is numerical factor
with procedure sample preparation
with nominal level ''mm
with factor unit minutes
with variation-percentage 20)
(B)
check-sample method meta rule
(or (instance 'user is user requirements
with regulation 7 reg)
(instance 'user is user-requirements
with standard method , stan))
then
(send msg 'factor operi
enable disable
'sample-prep-sponsor
'disabled)
factor-somcate-exception rule
(instance ''sam prep is sample preparation
with sonicate-minutes 'son)
then
(instance sonicate is numerical factor
with procedure sample-preparation
with nominal level ''son
with factor unit mm)
(C)
factor dilution-last rule
(and (instance ''sam prep is sample preparation
with sonicate minutes ''son)
( < = 'son 5))
(instance 'sam prep is sample-preparation
with dilution factor2 Час)
(< 'fac count 6)
(unknown (procedure dilution sample preparation))
then
(instance dilution is discrete factor
with procedure sample preparation
with nominal level Tac)

Table 2a Normal rule
2b Meta rule and exception rule
2c Special rule
levels, which is not allowed at the same time, as this could produce conflicting
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information.
An example of a meta rule is a rule on the usage of the method (table 2b). If the
method will be submitted to a regulatory body or is a standard method then the normal
rules for the selection of factors related to sample preparation procedures do not apply.
A method that is to be submitted to regulatory authorities needs to be tested more
thoroughly than methods which are not. A different set of normal rules should then be
used. In the instance of sonication time described above the condition that sonication
time must be more than 5 minutes before it is considered a relevant factor is dropped.
Sonication time is now always considered as a relevant factor if it is present in the
description of a sample preparation procedure. To be able to make a distmction
between rules that must not be consulted anymore and rules that still have to be
consulted the ruleset with normal rules was further divided in smaller rulesets (fig. 3).
The selection of some factors does not only depend on facts in the method
description but also on the number of factors already selected. Special rules have been
included to take into account this special condition (table 2c). The special rules are
collected in a separate ruleset that is not related to any specific part of method
description. They are consulted after the normal rules and only if the number of factors
does not exceed a certain limit. Special rules contain knowledge about the relevance of
factors that should not influence method performance. Compared to the factors selected
by the normal rules their influence is minimal. If, however, a small number of factors
is selected then the special factors can be of interest. Special rules are only activated
when the number of factors selected by the normal rules is low.
An example of a special rule is the rule on the second dilution. If sonication time
is not selected by the normal rules and there is a second dilution step then this second
dilution must be tested (for instance by using a different pipette type). This special rule
is only consulted if maximally 5 factors have been selected by the normal rules. So if this
rule is fired, the total number of factors is always limited to 6.
Special rules always put limits on the total number of factors that can be selected.
This number may be 6 or 9 depending on the specific rule. If the normal rules have
selected a number of factors that exceeds this limit, the special rules will not be fired.
The reason for this construction is that the factors evaluated by special rales are usually
of less importance. These factors are only taken into consideration if normal factors are
for the larger part irrelevant. The total number of factors is limited in this case because
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it is inefficient to test a large number of the special factors as they are expected to have
a smaller impact on the performance of the method.
The organisation of the expert system
The architecture of the expert system reflects the natural division of the problem
of factor choice in ruggedness testing. The framework is divided in input frames (method
description) and output frames (description of the factors) (fig. 4). Procedures are
attached to most of the frames. The procedures perform actions that are linked to a
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specified state of the frame. The method description frames contain demons that restrict
the input to logical combinations of steps only. Demons are triggered when a predefined
situation occurs in the knowledge base. For instance, if there is a shake procedure in the
sample preparation then a demon will be activated that asks for the shaking time. At the
same time it inhibits that sonification is specified as a step in the sample preparation.
The same sort of procedures is also used for a different purpose in the factor
frame. It may be necessary to inform the user that a special situation has occurred. For
instance if the factor wavelength of a uv detector is selected then a warning must be
given to the user to inform him that the levels of the wavelength must be selected
carefully as the absorbance may vary significantly with changing wavelength. This
warning is implemented in the form of a demon.
As explained before, the rules are divided into normal and special rules. In both
cases the inference technique used for consultation of the rules is forward reasoning.
The normal rules contain meta rules that trigger the consultation of some parts that are
not necessary in a normal consultation. Parts of this triggering process and starting the
special rules is done by the use of procedures called handlers. Handlers are Lisp
functions. Activation occurs when a specific message is sent to them. For instance, for
the firing of special rules it is necessary to know how many factors have been selected
already. The factor counting procedure is activated every time a rule selects a factor by
sending it a message. The procedure is attached to a special frame that keeps track of
the number of factors.
The user interface of the expert system allows the user to enter a description of
the method by mouse clicking and input of numbers. Popup windows are used to ask
the user for further information. The output (the selected factors) is presented to the
user as a list of all possible factors with the selected factors highlighted. The user can
ask for additional information and explanation by mouse clicking the factor of interest
For instance, information is available on the reason why a factor was selected. The user
can ask for this information by activating the explain facility that will give him the
appropriate rules and facts. Other available information includes the changes made to
factors by the user and the previous values for the factor. It is also possible to get an
overview of all factors, all changed factors and all deleted factors. The user can change
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factors (e.g. levels or percentage of variation) and delete or add factors.

Discussion
The problem of factor choice in ruggedness testing is typically a problem for
which more than one acceptable solution exists. Being confronted with a specific method
description and a factor choice for that method it is always possible to argue about one
or two factors. Sometimes it seems advisable to test one additional factor or replace a
factor with another. Or, if a number of acceptable factor choices for the same method
are compared, it is hard to say which factor choice is best. In general, the tendency is
to take the factor choice with the largest number of factors as the best factor choice.
This may be the best from the point of view of completeness but not from the point of
view of efficiency. After all, the primary function of a ruggedness test is to specify the
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method rugged enough to be submitted to an interlaboratory reproducibility test in
which new problems with the method can always appear.
In general, the expert system performs on a level comparable to that of the
expert. The testing so far has proved that the expert system performs as expected by the
expert (see chapter 8).
Conclusions
The expert system approach seems to yield acceptable results as a solution to the
problem of factor choice in niggedness testing. The problem of factor choice is difficult
to handle in normal programming languages because there are no algorithms available
to perform the task. Algorithms are difficult to design in this case because of the many
parameters involved (the number of possible input parameters in the method description
is 99) and the complex relations between these parameters.
The expert system can сорт with this problem because the relations between the
parameters can be formalized in frames, rules, handlers and demons.
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Chapter 6 THE RUGGEDNESS EXPERT SYSTEM'
Introduction
The traditional emphasis in chemometric research has been on the application
of statistics and multivariate analysis to chemistry. Recently techniques from artificial
intelligence, specifically expert systems Ья е been introduced into chemometrics. Expert
systems can represent the knowledge of an experienced worker. This heuristic
knowledge, which is based on experience and accumulated during practical work, is often
not yet supported by a good theoretical model. Therefore, heuristic knowledge can
usually not be formalised into algorithms, making it difficult to include heuristics in
conventional algorithmic software. As a consequence, heuristic knowledge is not as
widely used as knowledge that is implemented in an algorithm.
Heuristic knowledge, such as the knowledge when and how to use a particular
technique, is required in chemometric procedures. In general, the use of chemometrical
techniques requires a certain amount of experience in this field before the techniques
can be applied with success. Expert systems offer the possibility to introduce
chemometrical techniques, such as multivariate analysis and statistical techniques, into
the laboratory. They reduce the necessity to train laboratory staff, because the programs
already contain the knowledge of an experienced worker. Because of the complexity of
chemometric techniques, training is usually a bottleneck in the introduction of
chemometrics. In chemometrics, techniques are also used from other fields of science,
in which analysts have little background.
An example of an area that can benefit from the introduction of expert systems
is the use of statistical testing techniques. The decision when to use a specific technique
and the set-up of an appropriate test can be very difficult. Various aspects such as the
purpose of the test, the available time or manpower etc., have to be taken into account
before deciding on the use of a certain experimental design. Also, the translation of the
results of statistical processes into chemically relevant results usually requires specialists.
Expert systems can improve this situation. They provide the analyst with the necessary

¡Λ. van Leeuwen, L.M.C. Buydens, B.G.M. Vandeginste, G.Kateman, PJ. Schoenmakers, M.
Mulholland, RES, an expert system for the set-up and interpretation of a mggedness test in HPLC method
validation. Parti The Ruggedness Expert System, submitted for publication
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Statistical procedures, with knowledge on how to set up the statistical tests and with
knowledge on how to translate the statistical data into chemical results. An ideal expert
system will only need an adequate description of the problem to be solved to come to
a valid conclusion or advice.
In this chapter an expert system is described that guides a user through a
ruggedness test in HPLC method validation. The theory that is contained in this program
is described in chapter 3 (1). The purpose of the research presented here is to
demonstrate the possibility to use expert systems in HPLC method validation. The expert
system has been developed as part of a larger project, in which similar programs have
been developed for other parts of HPLC method development (2, 3). The aim of the
expert system is to guide a user through a complete ruggedness test, from the set-up of
the test to the interpretation of the results. Therefore, this system must be able to
perform various types of tasks including planning, diagnosis and calculation.

Expert systems
The knowledge domain of the first generation of expert systems emerging in
chemistry was not chemometrics. The majority of these first generation expert systems,
were rule-based (4, 5, 6, 7, 8, 9, 10). As a consequence only limited types of knowledge
were represented. Rules are only suitable for representing heuristic knowledge found in
diagnostic processes, such as spectrum interpretation. Thus, the interpretation of spectra
obtained in NMR, IR, MS, etc. was the area in which most of the first generation expert
systems were developed (11, 12 13, 14, 15, 16, 17, 18, 19, 20, 21).
Knowledge on setting up and interpreting experiments is different. E.g. algorithms
and strategic knowledge also play an important role. However, these types of knowledge
can not always be efficiently represented in rules. Therefore, an expert system in this
domain must be a hybrid system, which employs more than one knowledge
representation technique.
Moreover, rule-based systems lack good facilities for structuring. As a
consequence, the size of the knowledge base in rule-based systems is limited. However,
an expert system on the planning of experiments and the interpretation of the results is
likely to be large, because it covers a number of different areas.
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The lack of structuring makes it difficult to keep a good overview of the
knowledge in a rule-based system. A good overview is necessary to make changes.
Adaptions to the knowledge base may have unpredictable effects on the performance
of the expert system. In many application areas the possibility to make changes to the
knowledge base is important. For instance, every laboratory applies its own strategy for
setting up experiments and will only accept an expert system if it reflects this strategy.
If it does not, it is important that the user has a (limited) access to the knowledge and
is allowed to implement small changes. For instance, if the system proposes a certain
experimental design, the user should have the possibility to replace it by another.
Incorporating such possibilities requires an open and flexible architecture of the expert
system. In this chapter an example is given of an expert system that does have such
flexibility. It contains knowledge about ruggedness testing in HPLC method validation.
The program advises the user on the set-up of the test, provides possibilities to process
the experimental data and to interpret the data to come to an advise on how to proceed,
based on the results of the test.
The architecture of the program allows to combine different knowledge
representation techniques. It opens the possibility to include algorithms and heuristics
in a single program. The architecture also facilitates the addition of new knowledge to
the system without having to change its structure. The knowledge in the system is split
into modules dedicated to specific tasks, and general knowledge, available to all modules
in the system. This feature allows the user to add his own knowledge to the system by
adding modules. Also, the existing modules are structured so as to allow small changes
to be made. Typical features of the architecture are a Common Data Structure
containing all general knowledge and a Supervisor to control the modules.
RES
RES (Ruggedness Expert System) consists of six modules that represent the major
steps in the set-up and interpretation of the ruggedness test (fig. 1) (1). Each module
is designed to perform one step in the ruggedness test. The modules use different
inference techniques and knowledge representation methods. They are designed for use
as stand-alone units, and to serve as part of an integrated system.
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Fig. 1 The structure of RES
The modules are controlled by a supervisory system that can activate or
deactivate them, depending on the situation. The Supervisor contains knowledge on
when to activate which module, although this can also be user controlled. The Supervisor
only activates the modules, it does not interact with the processes taking place within the
modules.
For the communication between the modules a data base has been constructed.
Because it does not only contain data, but also relations between the data it is called the
Common Data Structure. The Common Data Structure will accommodate all data
produced by the modules. It has no effect on how the modules produce the data.
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The architecture used for RES is intended to be flexible and easily adaptable.
New modules can be added, provided that an interface is built to the Common Data
Structure. To demonstrate this possibility two existing systems on factor choice and
method improvement have been incorporated into RES.
The modular structure of RES also makes it possible to change the contents of
one module without having to go through extensive testing procedures for the entire
system. If the changed module performs well as a stand-alone system, it will also
perform well in the integrated system. In RES, a stand-alone system is a module using
(part of) the Common Data Structure. Sometimes it may also be necessary to include
aspects of the Supervisor in a stand-alone system for user-interfacing purposes.
Hard- and software
RES consists of eight parts (6 modules, the Common Data Structure and the
Supervisor) that work in close coherence. The two algorithmic parts (the statistical
results module and the method improvement module) are programmed in С (Microsoft
С version 5.1). The other parts are programmed in the expert system development tool
Goldworks (version 1.1).
The hardware used is an IBM PC AT with 8 Mb extended memory. The original
oscillator of 6 MHz has been replaced by one of 10 MHz. This reduced the longest
waiting time during consultation of the system to S minutes or less.
The modules
The modules contain the expert knowledge of the program. Each module
represents and performs a well-defined step in the ruggedness test (1). Each module has
been implemented using the most appropriate representation technique for its task.
Hence, steps that depend heavily on the experience of the person performing them are
implemented using a heuristic representation technique such as rules. The factor choice
module is a typical example. Steps for which good algorithms exist, such as the statistical
evaluation of the experimental results, have been implemented in conventional
algorithmic programming languages.
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The factor choice module
The factor choice module selects the factors to be included in the mggedness test
and the factor levels. It is a rule-based module, divided in rule sets representing the
underlying procedures in the HPLC method. The factor choice module has been
developed as a stand-alone expert system (22).
The input into the factor choice module consists of a description of all the
relevant parts of the HPLC method to be tested. This description includes information
on the Chromatograph, the column, the detectors, etc.. Using the appropriate rules, the
module generates a number of factors that will be included in the mggedness test (App.
6.1, fig. 1 for an example of input information).
In the factor choice module, a distinction is made between two types of factors,
numerical (continuous) factors and discrete factors. Numerical factors are factors that
can vary on a continuous scale in infinitive small steps, e.g. temperature or flow rate.
Discrete factors can only vary in discrete steps, e.g. batch of column packing material
or the attenuation of the detector.
The choices of the factor levels differ for numerical and discrete factors. For
numerical factors, the levels are expressed in percentages of the nominal level, e.g. vary
temperature by + and - 10 %. For discrete factors, the factor levels are expressed in
step size variations from the nominal level. For instance, the levels of the factor
wavelength of the detector are expressed in steps of ten, five or three nanometer.
Some factors require special attention because they can drift during the
experimental work, for instance, temperature or solvent composition due to evaporation.
The factor choice module identifies the drift factors and flags them as they need special
attention in the interpretation.
The factors are presented to the user with their nominal levels, the upper and
lower levels at which they will be tested, and the units in which the factor values are
expressed. The user can overrule the decision of the expert system, using the factor edit
facility (App. 6.1, fig. 2), e.g. factor levels can be changed, or factors can be added or
deleted. The system will keep track of the modifications made by the user and if
necessary, the system's factor selection can be restored.
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The design selection module
RES primarily bases its selection of an experimental design on the number of
factors and the number of levels (2 or 3) that will be tested in the ruggedness test. The
number of factors determines whether a full factorial design or a fractional factorial
design will be used. If the number of factors is between 5 and IS, a fractional factorial
design is recommended. If a fractional design is used, the number of levels for each
factor is normally three, unless the user has explicitly stated that only two levels should
be tested. The choice of a design then changes slightly, especially if three to six factors
are tested (table 1). If all factors are tested at two levels, a larger experimental design
can be used without increasing the number of experiments too much. If one of the
factors cannot be tested at more than two levels, it will be included in the design with
all other factors at three levels.
The module may include a number of dummy factors in the design. Dummy
factors can be used to get an indication of possible interactions between factors. A
thorough discussion of the theory and use of experimental designs has been given by
Deming (23) and Massart (24).
The experimental design is selected from a set of designs stored in the module
(table 1). However, the user can select other designs, e.g. if the user prefers to cany out
less experiments. For this purpose, a design editor is available (App. 6.1, fig. 3), which
may require some file operations.
The module on selecting the experimental design is a rule-based module. This
rule-based representation facilitates the addition of new designs to the system by the
user and the implementation of strategies on when to use the new designs. These
strategies can be implemented as rules. For an example of a rule see table 2.
Experiments
After consultation of the factor and design selection modules, factors and factor
levels and the experimental design are stored in a file for inspection by the user (table
3). With the information in this file, the user can perform the experimental work and
measure the necessary experimental parameters. RES can handle up to seven
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Testing at two levels:
3-4 factors:
full factorial design
number of experiments: 8-16
5-6 factors:
half fractional factorial design
number of experiments: 16-33
7-10 factors:
11 factor saturated factorial design
using 1-4 dummy factors
number of experiments: 12
11-14 factors:
15 factor saturated factorial design
using 1-4 dummy factors
number of experiments: 16
Testing at three levels:
4-6 factors:
7 factor reflected saturated factorial design
using 1-2 dummy factors
number of experiments: 15
7-10 factors:
11 factor saturated factorial design
using 1-4 dummy factors
number of experiments: 23
11-14 factors:
15 factor saturated factorial design
using 1-4 dummy factors
number of experiments: 31

Table 1 List of designs incorporated in RES
experimental parameters (1).
The experimental results must be presented to RES in a file with a special
format. This file can be obtained from the instrument or other data processing software
by simple conversion.
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(defme-rule 6elect-exp-dcsign-2-levcls-rule2b
(instance fador-opcrl'i&factor-operator
with factor-count б)
(instance otp-design-info-instance is exp-design-info
with number-of-levek 2)
then
(instance exp-design-info-instance is exp-design-info
with Experimental-design half-fractional-factorial-design
with divisor-design 16
with number-of-experiments 33
with niunber-of-factors 6
with number-of-dummy-factors 0)

)
(define-rulé se[ect-exp-design-2-!eveU-rule3
(instance factor-opcrl is factor-operator
with factor-count ?num)
(and ( < - ?num 10)
(> ?пшп 7))
(instance exp-design-info-instance is exp-design-info
with number-of-levels 2)
then
(instance exp-design-info-instance is exp-design-info
with experimental-design saturated-fraclional-factorial-design
with divisor-design 6
with number-of-experiments 12
with number-of-factors ?num
with number-of-dummy-factors (evaluate (-11 ?num)))

)
Table 2 Examples of rules in the design selection module

The statistical results module
The statistical results module of RES contains the algorithm to calculate the
standard errors and main effects (1). This module is implemented in С as it requires
many calculations and a dynamic use of arrays. The experimental data are read from a
file into the module (App. 6.1,fig.4). Calculated standard errors and main effects are
written to files for inspection by the user. Also, intermediate results such as the
differences and averages of the duplicates are written to a file. The intermediate results
can provide useful information to the user if problems occur which the system cannot
solve.
The module checks the levels of the main effects and standard errors. If either
of these exceed a user specified level for any of the parameters considered, the
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Precision testing HFLC-melhod expert system
Version 3.0
Date:

Id. :
Experimental setup

= = > factor 1
Exp-1 = = > experiment 1
= = > nominal level
1
" " > upper level
= = > lower level
Φ
= = > no second level --> test at nominal level
F l : Factor nominal-level upper-level lower-level

Fl
0
-1

Fl:
F2:
F3:
F4:
FS:
F6:
F7:
F8:
F9:
FIO :
F U ::

DUMMY-FACTOR-3
DUMMY-FACTOR-2
DUMMY-FACTOR-1
DATA-HAND
TIME-CONSTANT
WAVELENGTH
MANUFAC
PH
ADDITIVE
SOLVENT
SONICATE

SELECTED
0.5
205
SPHERISORB
7
1
50
10

•SELECTE1
1
210
OTHER
8
U
53
12

•SELECTED
0.1
200
OTHER
6
0.5
47
8

Selected design : REFLECTED-SATURATED-FACTORIAL-DESIGN
Divisor design : б
Exp-1
Exp-2
Exp-3
Exp-4
Exp-5
Exp-Ó
Exp-7
Exp-8
Exp-9
Exp-10
Exp-11
Exp-12
Exp-13
Exp-14
Exp-15
Exp-16
Exp-17
Exp-18
Exp-19
Exp-20
Exp-21
Exp-22
Exp-23

Fl
I
1
0
1
1
1
0
0
0
1
0
0
-1
-1
0
-1
-1
-1
0
0
0
-1
0

F2
0
1
1
0
1
1
1
0
0
0
1
0
0
-1
-1
0
-1
-1
-1
0
0
0
-1

F3
1
0
1
1
0
1
1
1
0
0
0
0
-1
0
-1
-1
0
-1
-1
-1
0
0
0

F4
0
1
0
1
1
0
1
1
1
0
0
0
0
-1
0
-1
-1
0
-1
-1
-1
0
0

F5
0
0
1
0
1
1
0
1
1
1
0
0
0
0
-1
0
-1

-1
0
-1
-1
-1
0

Table 3 The design and factors output file
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F6
0
0
0
1
0
1
1
0
1
1
1
0
0
0
0
-1
0
-1
-1
0
-1
-1
-1

F7
1
0
0
0
1
0
1
1
0
1
1
0
-1
0
0
0
-1
0
-1
-1
0
-1
-1

F8
1
1
0
0
0
1
0
1
1
0
1
0
-1
-1
0
0
0
-1
0
-1
-1

0
-1

F9
1
1
1
0
0
0
1
0
1
1
0
0
-1
-1
-1
0
0
0
-1
0
-1
-1
0

FIO
0

1
1
1
0
0
0
1
0
1
1

0
0
-1
-1
-1
0
0
0
-1
0
-1
-1

Fil
1
0
1
1
1
0
0
0
1
0
1
0
- 1
0
- 1
- 1
- 1
0
0
0
- 1
0
-1

experiment number and the component at which the standard error was outside the
specified range are listed in a file for use by the chemical results module.
The statistical results module also provides system suitability criteria, which are
only meaningful if all main effects and standard errors are within specifications.
The chemical results module
The chemical results module contains heuristic knowledge which is manipulated
by object oriented programming in frames. The central objects in this module are the
main effects and standard errors. The module attaches warnings to the objects by calling
specific procedures that contain the actual knowledge.
The input of the module is a list of main effects and standard errors, which are
compared with predefined criteria. On that basis it is decided whether they are relevant
or not. The module informs the user which specific main effects and standard errors are
not acceptable and it lists the peak number, the parameter affected, and the factor
causing the violation (App. 6.1, fig. S). If resolution is the parameter for which a large
main effect was found, it also calculates the difference between the observed resolution
and the critical resolution.
The output of the module consists of a set of warnings that should be included
in the final method description (1). The diagnosis module also decides whether one of
the repair modules should be activated. Depending on the cause of the problems, the
system can activate two types of repair actions implemented in the method improvement
module and the reselect factor levels module (App. 6.1, fig. 7). Also, the user is
informed on problems that could not be solved by RES.
The reselect factor levels module
The reselect factor levels module is a rule-based module that modifies the factor
levels to a narrower range. Basically, it is a modified version of the rule set on factor
selection with the difference that the factors to test are already known. This rule set,
therefore, only contains the rules to find the levels. The input of this module are the
factors that caused a main effect or standard error. These factors were listed for
modification of the factor levels. The module produces a list of factors and levels that
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can serve as a new input to the design selection module to repeat the ruggedness testing
procedure.
The method improvement module
The method improvement module is an algorithmic module that advises on
improving the initial resolution of the method. This module, the so called SOS (System
Optimisation System) module, has been derived from already existing software (2). It has
been integrated in the ruggedness system, while leaving it intact as much as possible,
thus demonstrating that it is possible to add new knowledge to the system without
changing its structure.
The purpose of this module is to increase the initial resolution between a critical
pair of peaks if, during the ruggedness test, the resolution falls below a critical level. The
module uses a database of columns and detectors specified by the user. In the database,
the user can include all columns and detectors available and he can specify whether they
are available for the method under investigation. The module calculates the effect of all
possible combinations of columns and detectors with the specified instrumental
conditions advises the user to use a different flow rate, column or detector. The advice
is based on the initial chromatogram, the flow rate, column and detector and on an
estimate of the required resolution (App. 6.1, fig. 6). The resulting method should
undergo a new ruggedness test to check whether the problem has been solved.
Therefore, the user has the possibility to copy the method to the method description part
of the factor choice module and start a new ruggedness test.
The Common Data Structure
The modules in RES can access all data available in the system at any time. The
modules will normally use only a limited part of the data available. However, they share
considerable parts of the data with other modules. Instead of defining for every module
the exact data to which it has access and developing interfaces for the data to which
mutual access is necessary, it is more efficient to make all data available for all modules
at the same time. This flexible data stracture will also allow additions to the system with
a minimum of effort.
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It is important that the modules obtain data that are up to date. Otherwise,
inconsistencies may arise in the system, resulting in unreliable conclusions. If all modules
use the same data and only one module can read or write data at the same time,
inconsistencies will not occur.
To fulfil these two requirements, a Common Data Structure has been developed
that contains all the objects used in the program. These objects range from physical
objects such as an instrument or a column, to numerical objects, such as main effects or
standard errors, and mental objects, such as warnings.
The objects are represented in frames to form Object-Attribute-Value triplets.
This is a convenient representation technique, because it is flexible and allows object
oriented programming. In a frame the features of an object are defined. By attributing
values to the features, a specific instance of the object can be defined.
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Relations between objects or attributes of objects can be represented using
procedures. If, for instance, the value of a certain attribute determines the value of other
attributes, a procedure can be attached to the first attribute to fill in all the dependent
attributes each time the value of the first one changes.
The relations between the objects in the Common Data Structure organize the
frames in networks, which are grouped to correspond to a certain module. As a
consequence, there are factor frames, experimental design frames, diagnosis frames, etc.
The most important network is the method description network, which is related to all
the modules. The method description contains the information entered by the user when
starting a consultation. The subsequent consultation is based on it and no further input
is required from the user, except entering the experimental results.
The Supervisor
A supervisor structure controls the system. The Supervisor operates at three
levels, implemented in three frames (fig. 2). The frames can interact with each other,
with the user and with a rule set that contains knowledge on how to manipulate the
frames. The Supervisor has been designed in three levels, to distinguish between the
three types of operations that the Supervisor can support.
At the user interaction level, the highest level of the Supervisor, the Supervisor
can be set to a number of modes. The most important mode is the control mode. The
Supervisor contains a rule set in which knowledge is stored about the process of
ruggedness testing, for example on when to use a ruggedness test (table 4). At the user
interaction level, the supervisor rule set can be activated. If not, the user must select
manually which modules he wants to use during the consultation. If the Supervisor is
used, five input values on the expected usage of the method have to be specified, such
as the number of laboratories or the number of analysts using the method. The input
values are transferred to the Common Data Structure.
Another option in the Supervisor gives the user the possibility to interrupt the
consultation after each module that has been consulted. This option is useful if the
experimental work will take several days. The consultation will be stored to disk making
the computer available for other tasks.
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(delme-nile ruggedness-repeatability-test
(instance main-scheduler-instance is main-scheduler
with precision yes)
(instance ?usei is user-requirements
with run-number >_10 =• < 25)
then
(instance precision-task-scheduler-instance is predsion-Usk-scheduler
with ruggedness yes
with repeatability no)

)
In this rule the ruggedness test is activated by the supervisor when a precision test is necessary and
when the length of a run is larger than 10 and smaller than 25. In this case a repeatability test is not
recommended.

Table 4 A rule from the Supervisor
To assist in the validation of some of the modules a rule tracer option can also
be activated in the Supervisor. This tracer produces a record of all the rules fired during
a consultation. The tracer option is useful for debugging activities. It is limited to the
rule-based modules.
At the second supervisor level, the modules are grouped into certain main
operations. In RES only two such main operations exist, ruggedness testing and
optimisation. Optimisation consists of only one module, the SOS module. Ruggedness
testing consists of all the other modules. The operations level has primarily been
provided to allow new operations, groups of modules, to be added without loosing the
overview over the modules. The Supervisor has also been constructed independently
from the Common Data Structure, allowing new levels to be added.
At the lowest supervisor level, the module level, the Supervisor (or, if necessary,
the user) has access to all the individual modules. They can be activated or deactivated
in any order.
Discussion
In general, the RES program has yielded satisfactory results. All modules have
been validated to perform with at least 80 % success (see chapter 8). In case of a
disagreement it was often difficult to decide whether the system or the expert was wrong.
RES is now ready to undergo testing in real laboratory environments.
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The purpose of RES was to investigate the possibilities of expert systems in
method validation in HPLC and similar areas. The conclusion from the work on RES
is that expert systems can indeed be applied in areas such as chromatography. Their
main benefit will be in the introduction of new techniques such as the ones used in
chemometrics. Another beneficial application of expert systems can be found in the
distribution of very specific chromatographic knowledge. Such knowledge can for
instance be found at universities or dedicated routine laboratories. Incorporating this
knowledge in an expert system can bring it to the attention of large numbers of potential
users.
Based on our experience so far and reactions from chromatographers, it appears
that HPLC is a very appropriate area for the application of expert systems. HPLC is a
complex technique that requires relatively much method development work compared
to other methods of analysis. Also, in HPLC method development many techniques are
used arising from other fields of science (physics, mathematics). It is understandable that
in an average laboratory not the entire scope of chromatography can be covered.
A typical disadvantage of expert systems is that they tend to be very expensive.
Building a good expert system usually takes several years of work from both the expert
and the knowledge engineer (the person building the system). However, considering the
rate of progress in the development of knowledge acquisition tools, the development
time may decrease considerably in the near future.
A second disadvantage of expert systems is the difficulty in motivating experts to
contribute to such systems. This is understandable because experts themselves will profit
from such systems only in the long term if their workload is reduced. However, experts
need to be involved in building such systems from the beginning, and they are also asked
questions on the more basic levels of their knowledge domain. A solution to this
problem might be the use of system architectures as used for RES. The Common Data
Structure in RES contains knowledge about basic HPLC equipment, procedures, etc. It
contains the information that the expert will regard as trivial. It appears to be possible
to build a Common Data Structure by consulting the expert on an infrequent basis,
taking the knowledge from textbooks on the subject. The expert's specific knowledge can
then be added to the system in the form of a module. Thus the expert involvement in
building the system is reduced. Also, the present structure allows different modules to
be obtained from the knowledge of different experts without serious conflict. Without
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the modular structure it would be necessary for the experts to decide on a common
approach to the problem at every level of detail. Such an expert versus expert
confrontation may be both difficult and time-consuming.
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Appendix 6.1 Screen dumps of a consultation of the system
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SYSTEM
MISTI
Version
Load
Save
Introduction
Tutorial
GHACS
Top Level Ltsp
60 to DOS
Exit to DOS

DEFINE

DEBUG

FIND
INTRODUCTION-

HELP
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for development and delivery
of powerful expert systems
on advanced PCs

Copyright (e) 19S7 by Gold Hill Computers, Inc.
All Rights Reserved.
Press Fl for HELP, Ctrl-PgUp for Comand Line

KATEHAN - LACKUN

Go to DOS and return to GoldWorks

(01987 GOLD HILL INC

Fig. 0 The introduction screen

*

Screens > Sample preparation questions > Options
SAMPLE PREPARATION 1
Main questions and answers

ИГ

Related answers

How to take the sample
: TAKE NUMBER OF TABLETS/CAPSULES
Solvent (ml)
: 250
Internal standard : NO INTERNAL STAND
Dissolving method : SONICATE

Sample weight (mg)
Sample volume (ml)
Number of tablets

:
: 1

Shaking time (min)
Sonicate time (min)
· IS
Heating temperature (Deg C ) ;
Internal Std. weight (mg)
Internal Std. volume (ml) :

M

Fig. 1 A screen from method description
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Fig. 2 A factor edit window with a factor in it
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Fig. 3 The design output window
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Used data files
Output directory

с \gw\anto1ne\part5

Diagnose report file
Data file
Design file
Conclusions duplo differences
2X)
Factors uhlch were at extreme levels
Conclusions duplo differences (1! < < 2X)
Conclusions factor effects lower level
Conclusions factor effects upper level
System suitability criteria
Average duplo s
Difference duplo s
Standard errors
Hain effects lower level
Main effects upper level

report prn
asp&sal exp
с \gw\anto1ne\part5\dsg\rsfd7 ds
seout2 dat
exfac dat
seoutlZ dat
conci dat
conci dat
ssc dat
aver dat
dlff dat
std dat
mei dat
meZ dat

(»

Cancel

OK
ι

Fig 4 The define datafiles window

Screens > Conclusions > Explanation respecifIcatlon

Concentration calculated with peak height not rugged
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Fig 5 Conclusion about a concentration main effect
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Fig. 7 The diagnosis output screen filled with some problems
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Chapter 7 THE INTEGRATION OF PRECISION TESTING EXPERT
SYSTEMS1

Introduction
In many routine laboratories, the execution of a precision test is not
straightforward Choices must be made about which tests to apply, the extent of each
test and the acceptability of the results. If a method fails the test, it is also necessary to
respeafy the method taking mto consideration the problem that led to the failure of the
method The expert system described in this chapter concentrates on precision tests that
can be performed in the laboratory where the HPLC method has been developed When
a method passes these tests, one can be relatively confident that the method will also
pass an mterlaboratoiy test e g in a collaborative test
Expert systems exist that advise on parts of the problem of precision testing (1,
2). An analyst has to know the basics of the test procedures and their relations to each
other, to get the full benefits out of these systems A system integrating the existing
systems would eliminate this requirement making them of much greater benefit (3)
An integrated system mvolves several modules of a heuristic as well as an
algorithmic nature Integration of modules with different problem solving techmques,
like calculations and production rules, requires the use of a flexible integration
architecture This integration architecture must allow the connection of different
modules, enabling them to exchange as much information as possible It must for
instance be possible to have modules implemented in expert system building tools but
also modules implemented in spreadsheet packages and normal programming languages
like С In principle the integration architecture should not enforce too many constraints
on the structure and implementation of the modules, as this would effect their
performance Especially m this integration study, where new modules are integrated with
existing expert systems, it is important that the existing systems can remain mtact and
that no restrictions are implied for the development of new modules One of the

^his chapter is part of the paper JA van Leeuwen, L M С Buydens, В G M Vandeginstc, G Kateman,
M Mulholland, Expert system for precision testing in validation of liquid chromatographic methods,
Analytica Chimica Acta, 235 (1990) 27-40
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features in the integration strategy described here is the development of a kind of HPLC
expert system backbone, a datastructure that can be seen as a basis for many different
expert systems on method validation in HPLC. It consists of a framework of concepts
describing the basic elements of an HPLC method. This framework, a so called Common
Data Structure, can be accessed by every module in the integrated system. The objects
in the Common Data Structure have been conceptualised in a formal way so that it can
be implemented in any suitable expert system tool or programming language. Using the
Common Data Structure and the modules as building blocks, an expert system is built
on intralaboratory precision testing. It is possible to activate the separate parts of the
system independently because of its modular structure. The system also contains strategic
knowledge on when to activate which module.
The repeatability test (1) and the ruggedness test (chapter 6) are the main parts
of the integrated system. They have been developed independently involving several
experts. The integrated system contains the knowledge of these experts and integrates
that knowledge. This is a typical feature of a so called second generation expert system.
Second generation expert systems use several different inference techniques in different
parts of the system. They are also able to apply strategic knowledge for the selection of
the next part of the system to be consulted. A flexible architecture for the
implementation of such a system is a blackboard architecture (4).

Precision tests
The purpose of a precision test is to estimate the non systematic (random)
deviation from the mean value in a certain analysis. Precision testing usually consists of
repeatability and (interlaboratory) reproducibility tests (5).
In a repeatability test, a method is repeated under the same circumstances by the
same analyst. It usually involves 10 or 25 replicate measurements on the same sample.
Because a repeatability test is carried out at one site, it normally does not require much
labor and time. A repeatability test combined with a ruggedness test can be considered
as an in-house precision study. This type of precision study is advisable for every method
that is developed to be applied in laboratories elsewhere.
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The repeatability system1
The repeatability system is an expert system that guides a user through a
repeatability test in HPLC method validation. It covers the complete repeatability test
from test set-up to diagnosis of possible problems.
A repeatability test consists of the repeated analysis of a sample under identical
circumstances. During the repeatability test all controllable factors that might influence
method performance are controlled to remain constant. The purpose of the repeatability
test is to estimate the non-systematic error when the analysis is performed under the
specified method conditions. In HPLC, a distinction can be made between the
repeatability of the injection of the sample and the sample preparation. This distinction
leads to better possibilities for trouble shooting when both repeatability tests are
combined and it reduces the total number of analysis.
The level of testing in a repeatability test depends on the expected usage of the
method and the average length of a sample run (table 1). If the method is going to be
used only a limited number of times or if the length of a sample run is low, a less
stringent repeatability test may be used. This leads to a less precise estimation of the
non-systematic error but also to less experiments in the repeatability test. If necessary
the estimation of the repeatability can be improved by additional experiments, even if
the method is already in use.
When the number of repeated injections and repeated sample preparations is
established, the experiments can be performed. For every peak, the peak area, peak
height and retention time are measured. For each of these parameters, the variance
and the relative standard deviation (rsd) are calculated (table 2). When the relative
standard deviations are within predefined limits (usually = < 0.5 % for the retention
time and = < 1.0 % for peak height and peak area), the method is sufficiently
repeatable for quantitative application. If the method is not sufficiently repeatable, a
possible cause must be identified. This diagnosis process is based on the relative
standard deviations. The plate count (N) and the ratios of peak height, peak area and

2
ThU paragraph summarizes the paper: M. Mulholland, IA. van Leeuwen, В. Vandeginste, An expert
system for designing an intelligent spreadsheet for evaluation of precision of liquid chromatographic methods,
Analytica Chimica Acta, 223 (1989) 183-192
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Expected usage of the method:
# of usages
= < 10
> 10 - < 20
> 20

# of repeated sample preparations
2
5
10

Average length of a normal sample run:
length of run
- < 10
> 10 - < 25
> 25 -< 50
> 50

4 of repeated sample injections
2
10
25
50

Table 1 The level of testing depending on usage and sample run length
retention time can also be used in the diagnosis. For each of these, the variances and
relative standard deviations are calculated.
The repeatability system is implemented in three modules, the test set-up module,
the interpretation of results module and the diagnosis and repair module. In the test setup module, the system selects a set of repeatability tests, one for the injection of the
sample and one for the sample preparation, based upon the expected usage of the
method (table 3). Experiments that can be used in both parts are not duplicated to
guarantee an efficient test set-up. The set-up process, that basically involves the set-up
of an efficient experimental design, is implemented in Goldworks.
When the user has performed the experiments, the experimental data are
interpreted into relative standard deviations. When the relative standard deviations do
not exceed the predefined limits, the method is repeatable and consultation of the
system ends. If there is a problem, a distinction must be made between problems in
the sample preparation procedure and problems in the injection procedure. As the
injection procedure is part of the test on the repeatability of the sample preparation,
an F-test is necessary to test whether the variances of the injection procedure and the
sample preparation are significantly different. If a problems occurs with the repeatability
of the method and the variances differ significantly, the problem is probably in the
sample preparation module, if not it is probably in the injection procedure. As this part
of the repeatability test mainly involves calculations, it is implemented in a spreadsheet
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χ, = the result of experiment i
я » the number of experiments
η

it « (Σ xj/n
i=l
η

s* = Σ (χ, - χ)1 / (η -1)
i=l
rsd = 100 * s / (π-1)

(mean)

(variance)

(relative standard deviation)

Table 2 The calculation of variance and relative standard deviation
package.
If there is a problem, the relative standard deviations are listed for diagnosis.
They are classified in three classes for this purpose, small (= < 0.5 %), medium (> 0.5,
= < 1.0) and large (> 1.0 %). In a three-step procedure, the problem is identified,
possible causes for the problem are listed and for each cause a possible solution is
presented to the user. As this process is mainly heuristic, it is implemented in
Goldworks. The module is built around three basic frames named Problem, Cause and
Remedy. There is an additional group of frames that represents the relative standard
deviations coming from the interpretation module. Related to each of the three basic
frames is a rule-set that performs the reasoning process to come to an identification of
problem, cause and remedy.

Integration of the systems
Integration of the repeatability system and the ruggedness system described in
chapter 6 involves the development of several new items and the adaption of some parts
of the stand alone systems. Most important, it must be possible for all parts of the
integrated system to use the common knowledge as a basis for the reasoning process.
This will allow flexible communication between the various modules of the integrated
system. Simple solutions have been proposed for the communication between modules
in a system, e.g. the transfer of files between the systems. However, in this case such
communication would be insufficient. For an integrated expert system it is important that
the majority of facts produced by one module is available for all the other modules in
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IF
the variance of retention lime is medium
the variance of peak area is large
the variance of peak height is small
repealabilily test is injection procedure
THEN
problem is flow-rate
IF
problem is flow rate
THEN
cause is movable blockages
cause is control of pump

AND
AND
AND

OR
OR

IF
cause is movable blockages
THEN
remedy is check potential blockages e.g. particles,
incomplete movement of injection valve
IF
cause is control of pump
THEN
remedy is check with manufacturer

Table 3 Rules from the diagnosis process
the system. It is also important that the modules are not consulted in a standard
sequence. If a file transfer system would be developed for this integration, all possible
consultation sequences would have to be implemented. Because of the complexity of the
system, this is an unrealistic approach.
If all modules in the system must access the common knowledge during the
reasoning process, a better way to proceed is to merge all common knowledge into a
Common Data Structure that is the basis for all systems.
In this integration study, the Common Data Structure is built using a so called
blackboard structure. All the modules of the integrated system can read information
from and write information to the Common Data Structure. The blackboard architecture
was chosen because it allows the integration of modules using different inferencing or
problem solving techniques. Using a blackboard approach has some consequences for
the user interface of the stand alone systems. Without adaption of the user interfaces
two modules in the integrated system could ask the same information from the user.
When the information is available in the Common Data Structure for all modules, parts
of the user interface have to be redeveloped. This results in a new method description
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module added to the integrated system and replacing the method description modules
of the stand alone systems. In the integration architecture proposed here, this is basically
the only required adaption of the existing systems.
Also, the integrated system needs a supervisor to decide on the order of
consultation of the modules. The supervisor contains knowledge on each module, its
input variables, its output vanables and its status. On this basis, the supervisor decides
which strategy to follow to fonnulate an advice. With the introduction of the supervisor,
a level of meta knowledge (knowledge about the expertise in the system) is introduced
in the system. Only the supervisor can trigger the modules, the modules can not trigger
themselves nor each other. Because of the hierarchical control structure it will be
relatively easy to implement additional levels of control for instance to integrate other
tests like accuracy and sensitivity.
The method description module, the Common Data Structure and the supervisor
are the major new elements of the integrated system (fig. 1). Adaption of the existing
systems to the Common Data Structure and the method description module require only
minor changes. If wanted, new modules can easily be added to this system if they use
the concept of the Common Data Structure.
Method description
In the method description module, a full description of the HPLC method to be
tested can be entered. It contains knowledge on which HPLC methods can be assessed
by the system and which not. As the method description module is the first to be called
during a consultation, the user is informed on the limitations of the system right at the
beginning of a consultation. If the system accepts the method, the user can be confident
that a valid consultation is initiated that will reach a valid conclusion, except when the
method description is very incomplete. Normally the system can process incomplete
knowledge, for instance starting from an incomplete method description. If much
information on the method is missing, the system will not reach valid conclusions in all
cases. The point where the system is loosing its full validity is believed to be 30 % of
the method description missing.
The system also contains knowledge about the usual steps in an HPLC method.
The user is not asked for any feature of the method that is not in line with previously
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Fig. 1 The precision expert system
given answers. For example, if the method uses a diode array detector, the user will be
asked for wavelength, time constant and attenuation. When a refractive index detector
is specified, the user will be asked the RI range and the temperature of the detector. Or,
when in the sample preparation a column extraction is specified, the user will be asked
for the wash volume and the extraction volume. When a filtration is specified, the user
will be asked for the pore size of the filter. However, the user can overrule the
knowledge in the system and volunteer information. At any time during the input of the
method description, the user can enter information, not prompted by the system. This
is done by completing the fields in the method description that are left empty by the
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system. Volunteering information is not advisable. There are good reasons why the
system does not need certain information. Information volunteered at the wrong place
may confuse the system and invalidate its conclusions.
Another feature of the method description module is the guidance given by the
module to give a description of the method that contains all the information that is
relevant for the specific consultation. The system will not ask for more information than
it needs. If, during a consultation, it becomes clear that only a repeatability test is
necessary, the user will only have to specify a few parameters of his method, mainly
related to the expected usage of the method. If a ruggedness test is necessary шалу more
features of the method are required. Of course, when a ruggedness test follows a
repeatability test, the information produced during the repeatability test remains
available for the ruggedness test.
The method description module defines the basis for the further course of the
consultation. The system will ask for further information if necessary but it is impossible
for the user to change his method description after leaving the method description
module. If changes are essential, a new consultation must be started.
Common Data Structure
The basis of every expert system is a set of objects about which it can reason. It
is important that all necessary objects are described in such a way that misinterpretation
is impossible. In this case all objects are represented in a network of frames. An object
is specified in a frame having the name of the object, and containing a list of all the
relevant properties of the object. Every property can take a number of possible values
which are also defined in the frame. For every object a so called O(bject) A(ttribute)
V(alue) triplet is created. A typical example of an HPLC object is a column. A column
can easily be described in a frame (table 4). The concept of a column can be defined
by properties (attributes) such as length, particle size, functionality, internal diameter,
etc.. Each of the attributes has a number of possible values. For instance for the
property functionality this will be a list including ODS, Nitrile, C8, C18, etc.. For other
properties such as column length this can be a range of values e.g. between 2 and 100
cm.
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Object
attributel
valuel.l
valucl.2
attribute2
valuc2.1
valuc2.2
value2J

column
tradename
Spherisorb
Hypcrsil
NucleosQ
Partbil
u Bondapak
Lychrosorb
functionality
C8
C18
SI6Û
ODS
Nitrile
Phenyl
PAC
particle size (um)
REAL
Column length (cm)
REAL
batch number
INTEGER
mtemal diameter (mm)
REAL
columnl
tradename
Lychrosorb
functionality
ODS
particle size
4
column length
20
batch
23475435
internal diameter
4.6

Column!
tradename
u Bondapak
functionality
С18
particle size
5
column length
30
batch
3498745678
internal diameter
4

Table 4 Example of a frame: column
Relations exist between the different objects in a knowledge domain. For
instance, an object "HPLC method" has parts like sample preparation, column and
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detector. Relations between objects can be of a general nature common to many other
knowledge domains. The definitions of general relations are usually provided by the
expert system building tool. A particularly useful example of a general relation between
objects is inheritance. Inheritance allows division of frames into more specific subframes.
Using inheritance implies that all attributes that are specified in the general frames are
also attributes in the subframes. In other words, subframes inherit certain attributes from
their parent, the more general frame. An example of the use of inheritance in
representing relations between HPLC objects can be seen in the description of a
detector (table 5). In the concept used here a detector has only two properties: the type
(UV, RI, Diode Array) and the time constant. However, detectors also have other
properties that make them belong to a certain subclass of detectors like a UV detector.
A property of a UV detector that distinguishes it from for instance a RI detector is its
wavelength. In this case a UV detector and RI detector are subframes of the frame
detector.
Another useful general relation is instantiation. Defining a frame means the
introduction of a certain concept in the Common Data Structure. During a consultation,
the concepts will be specified to represent a specific example of the concept. Specifying
the exact feature of an example is called instantiation. An instantiation of a frame has
only a subset (normally one) of the possible values for each attribute. Examples of
instantiation can be seen in table 4 & 5. Instantiations define so-called is-a relations.
For instance in table 5 Columnl is-a Column. Instantiations are created during a
consultation, so they are not really part of the Common Data Structure. They are erased
after each consultation. So every consultation starts without any is-a relation. In table
6 a graph of some objects and their general relations in the Common Data Structure can
be found.
With the inheritance concept a network of relations between objects can be
defined. There are also other types of relations in the knowledge domain that cannot be
described with the inheritance concept, for instance relations between attributes. This
type of relations can be defined explicitly by the definition of a functional relation. In
a functional relation the names of the attributes are included with the type of the
relation between them. An example of such a functional relation is that it excludes that
the attributes "shake minutes" and "sonicate minutes" have a value at the same time as,
it is unlogical to include both a sonication and a shake step in one sample preparation
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detector
type
variable uv
fixed uv
diode array
refractive index
time constant (s)
REAL
UV detector
wavelength (nm)
REAL
attenuation
REAL

RI detector
RI const
REAL
temp (deg C)
REAL
range
high
low

UV detectorl
type
variable uv
time constant
0.5
wavelength
276
attenuation
0.1

Table 5 Example of inheritance: detector
step. The functional relations are usually of a more complicated and specific nature than
the general relations. Normally, the functional relations are defined in the language of
the expert system e.g. Lisp. This makes them less comprehensible and flexible than the
general relations. As functional relations are specific for the knowledge domain, they are
not generalised.
The objects and relations together form the Common Data Structure. In the
Common Data Structure much knowledge about HPLC and method validation is
present. It is impossible to change the objects and the relations during a consultation
because the Common Data Structure is the static backbone of the system. The Common
Data Structure developed for this expert system serves as a basis for a complete
description of a method validation procedure in HPLC. It is meant as a general basis
for an expert system in the area of method validation in HPLC that is easily extended
for another application in the field of HPLC. The network of frames acts as a kind of
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Table 6 Objects in the Common Datastructure
fill in form for the modules working with it.
Supervisor
The supervisor contains the strategic knowledge on when to activate which
module. This strategic knowledge (or meta knowledge) represents the knowledge of
method validation process manager who decides which tests are necessary and when they
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should be carried out. The decisions of the supervisor are not very much related with
the activities of the modules. The supervisor only needs information on the input and
output parameters of every module and some information from the method description
module.
At the moment, the supervisor knowledge is represented in rules (table 7). The
rules act upon a simple frame, the scheduler, that is separated from the Common Data
Structure. This means that the modules can not operate on this scheduler frame. In the
scheduler, information is stored about the state of the modules. At the moment this
structure is capable of handling the strategic knowledge for the precision testing system
containing 8 modules.
The information stored in the scheduler is becoming very large when more
modules are added, so the supervisor is being extended involving more frames and an
additional level between the modules and the strategic knowledge, the so called task
level.
Architecture of the system
Combining the building blocks described before, a complete precision testing
expert system can be constructed. The system is based on the Common Data Structure
of frames that represent all the physical and mental objects necessary to perform a
precision test. In the Common Data Structure descriptions of the sample, the method,
the tests, the results and the diagnosis are present. The modules, that each contain
knowledge on a certain part of the test procedure, manipulate the information stored
in the Common Data Structure. There are typical heuristic modules, e.g. the factor
choice module, and there are typical algorithmic modules. The modules communicate
through the Common Data Structure by placing variable values in it and reading from
it. Direct contact between the modules e.g. for communication of variables shared by
them, is not possible.
The restriction of no communication between the modules makes it possible for
a supervisor to keep track of all activities going on in the system. The supervisor can see
which modules can be triggered at a certain moment because it contains a list of all
input and output parameters of all modules. A module can only be activated if all its
input parameters are known. It will only be deactivated when all its output parameters
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rules

(DEFINE-RULE PRECISIONTESTJ
(:doc-string "general rule 100 10-12-87*
¡sponsor select-test-sponsor)
(INSTANCE ?user is user-requirements
WITH LAB-NUMBER 1 OR 2)
THEN
(INSTANCE PREC-TEST IS TEST
WITH GLOBAL PERFORMANCE CHARACTERISTIC PRECISION
WITH CONTRIBUTARY CHARA&TERISTIC REPEATABILITY
WITH CONTRIBUTARY"CHARACTERISTIC RUGGEDNESS))
(DEFINE-RULE PRECISION_TEST_2
(.doc-string "general rule 110~10-12-ff7"
¡sponsor sclect-test-sponsor)
(INSTANCE ?APP IS APPLICATION
WITH lab-number 1 or_2)
THEN
(INSTANCE PREC-TEST IS TEST
WITH GLOBAL PERFORMANCECHARACTERISTIC PRECISION
WITH CONTRIBUTARYCHARACTERISTIC REPEATABILITY))
(DEFINE-RULE PRECISIONTESTl
(:doc-string "general rule 120~10-12-87"
¡sponsor select-test-sponsor)
(INSTANCE 7uscr is user-requirements
WITH analyst-number 1
WITH instrument-number 1)
THEN
(INSTANCE PREC-TEST IS TEST
WITH GLOBAL PERFORMANCECHARACTERISTIC PRECISION
WITH CONTRIBUTARY CHARACTERISTIC REPEATABILITY))

Table 7 Rules in the supervisor
have a value.
The supervisor acts as a switchboard operator connecting modules to each other
according to the state of the system at a given moment. The supervisor also contains
knowledge on the priority of the modules if a situation occurs where more than one
module can be activated at the same moment. Doing so the supervisor decides on the
best strategy to follow using its strategic or meta knowledge.
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Comparison with a blackboard
On a first sight the architecture described above resembles a so called blackboard
architecture (4). Blackboards are well known АЛ. techniques for the integration of
expert systems. A blackboard architecture also uses modules (called knowledge sources)
that cannot communicate with each other except via a framework of objects, the
blackboard (fig. 2). However, in a blackboard architecture the knowledge sources trigger
themselves when the state of the blackboard is such that they can contribute to the
solution of the problem. After being triggered, a scheduler decides which of the
knowledge sources can be activated. In an ideal situation several knowledge sources can
be activated at the same time. The blackboard architecture can be seen as a possibility
for parallel processing. The scheduler, therefore, does not contain any strategic
knowledge.
In the architecture employed here, it is the supervisor that explicitly calls upon
the modules that can contribute to the solution of the problem. In the scheduler frame
all the conditions for activating the modules are stored. This allows the implementation
of strategic knowledge about the activation of the modules because the modules will only
be triggered when explicitly called. Recently, the A.I. literature on blackboards has
shown a shift towards the implementation of strategic knowledge similar to the
architecture of the precision testing expert system. An example of such a blackboard has
been presented at a recent expert systems conference (6).
In principle the architecture used for the precision testing expert system does not
allow processes to run in parallel unless they are specified as possible simultaneous
processes. For the application of precision testing in HPLC method validation however,
this is not (yet) a disadvantage.

Program Flow
Consultation of the system normally starts with specifying the users needs. The
appropriate modules are then loaded by the system. In a complete consultation all
available modules are loaded. In the module method description the user has the
possibility to enter all the information known to him about the method. The supervisor
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Fig. 2 Blackboard architecture
then decides on the basis of the expected usage of the method which tests must be
performed, a repeatability test, a ruggedness test or both.
This information is transferred to the scheduler frame that decides what the next
step will be. In general it will be a repeatability test and the system will activate the
repeatability set up module. This module uses information about the expected usage of
the method to select a suitable repeatability test. It also activates a spreadsheet in which
the test is implemented. The user can perform the repeatability test and enter the results
in the spreadsheet. After this is done, the expert system will activate the next module,
the diagnosis of the repeatability test, and advise on the acceptability of the results. If
the results are not acceptable it will give advise on how to improve the method.
The same procedure applies when the ruggedness part is activated. Normally
ruggedness testing is only done after a successful repeatability test. The user however
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can indicate that he is not interested in a repeatability test at the moment and wants to
proceed with a ruggedness test.
The ruggedness part consists of four modules, the factor choice, the select design,
interpretation of results and the diagnosis module. In a normal ruggedness test these
modules are consulted in sequence. The factor choice module will give advise on the
factors that areexpected to influence method performance. When the factors are selected
the select design module will advise on a suitable experimental design to test these
factors with a minimum of experiments. Also а С program is activated in which the user
can input his experimental results. A diagnosis module is activated after the results have
been entered. The diagnosis may give two possible outcomes. If the results are
satisfactory the module will report this to the user and provide system suitability criteria.
If the results are not satisfactory, the user is informed of the main effects that are out
of tolerance and of the factors causing the problem. A solution to the problems that
does not affect the method itself is the respecification of the factor levels to be tested.
The user is advised to respecify the levels of the factors at smaller intervals so that the
method is more likely to pass the ruggedness test. As a consequence, the method has to
be kept under more rigid control. In this case the factor choice module is activated again
and the factor levels are adapted to fit the test. Thereafter the whole procedure is
repeated. Control of this operation is again given to the scheduler frame, that keeps
track of the number of times a module is activated and also

controls if the new

activation of the module has yielded a result
The architecture of the scheduler frame also allows the system to load only one
separate module that can be consulted as a stand alone expert system. For some of the
modules this can be practical.

Implementation
The prototype was developed in the expert system development tool Goldworks
version 1.1 (7). The hardware used was an IBM PC/AT with 8Mb extension memory.
The spreadsheet package Lotus 123 and MS С were used for the implementation of the
tests.
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Results of the test-case
To demonstrate the capabilities of the system, one test case will be discussed (see
Append« 7.1). The test case consists of a full in-house precision test of an HPLC
method for the analysis of aspinn and salicylic add. A repeatability test and a
ruggedness test have been performed and their results have been interpreted by the
system. For this test case real experimental data were used allowing a comparison of the
system's performance against a real life situation.
Given the results of the repeatability test, the system concluded that the method
was repeatable within the constraints specified. As the method had already been tested
in a similar way before, this result of the consultation was expected.
The set-up of the ruggedness test corresponded with the expert's ideas and
suggestions. However, the results of the ruggedness test were interpreted in a different
way. The system reported a number of problems that were not encountered in the real
ruggedness test. The system, for instance, suggested that the method was not rugged for
the obtained analyte concentrations. Such a conclusion should lead directly to a rejection
the method. However, the expert did not report these problems. It is to be seen whether
this disagreement is caused by a too rigid interpretation by the system or by problems
overlooked by the expert. To test this, a full reprodudbility study must be performed on
the test case. In Appendix 7.1 a complete description of the results is presented.
Conclusion
The described expert system is a prototype that has to be further evaluated (8).
At the moment the system performs to the expectations of the expert, which is illustrated
by the reported test case. Several modules have been evaluated independently of the rest
of the system.
The philosophy of a Common Data Structure, being a blackboard for various
modules will have to be investigated in more detail. The possibility to add new modules
for other test procedures such as accuracy and specificity will an important performance
criterion of the system. It is expected that these additions to the system can be realized
in relatively short time. Espedally the addition of modules to extent the ruggedness test
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and other modules on method development in HPLC is not expected to cause any
problems.
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Appendix 7.1 Results of the test-case
Method description
sample
name
formulation
Φ of components
sample preparation
take sample
# of tablets
add solvent (ml)
add internal standard
dissolve sample
sonicate minutes (min)
dilution 1
dilution 2
extraction
filter pore size (um)
Chromatograph
solvent #
solventi (%)
solvenu (%)
pH
buffer cone. (M)
injection volume (ul)
temperature (deg C)
Oow rate (ml/min)

aspmn and salidlyc ι
tablet
2

take Φ of doses
1
250
sonicate
15
No dilution
no
filtration
10

2
75
25
15
10.0
40
IS

column
tradename
functionality
particle size (um)
column length (an)
batch number
internal diameter (mm)

Spherisorb
C18
7.0
25
1
4.0

type
attenuation
time constant (s)
wavelength (nm)

variable uv
0.1
0.1
295

minimum resolution
min retention time (s)
overall runtime (s)
worst peak symmetry

4.0
240
600
1.4

detector

results

requirements
usage

> 10 - < 25
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# of lines
purpose
regulatory
standard method
interlaboratory
number of analysts
average runlength
number of instruments
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4
stability indication
usa
usp
>= 3
>= 3
> 10 = < 25
>= 3

Riiggednesj test
Factors choosen bv the system
Factor

nominal level
lower level
upper level

Sonication time

IS
12
18

Fore size

10
5
20

DatahandUng
pH

25
IS
3S

Solvent 25
20
30
Manufacturer

Spherisorb
other
other

Wavelength

295
290
300

Erocrimtntal design
Reflected Saturated fractional factorial design
11 factors
4 dummy factors
3 levels
Interpretation experimental results
Main effect:

Factor:

24.0%

sonicate time

23.7%

pore size

24.0%

solvent

27.2%

manufacturer

22.5%

wavelength

127

Repeatability test
Test advised bv the system
10

times repeated injection of sample

5

tunes repeated sample preparation

Interpretation
Relative Standard Deviations
Injection of sample

< 1 %

Sample preparation'

< 1 %

Diagnosis
No problems
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Chapter 8 VALIDATION AND EVALUATION'
Introduction
In the Esprit project 1570 ESCA ( Expert Systems in Chemical Analysis) the
application of expert system technology to chemical analysis is investigated. Expert
systems are computer programs that contain the knowledge of a recognised expert in a
certain knowledge domain. This expert knowledge is incorporated into the expert system
using a form of knowledge representation e.g. IF... THEN ... rules (1). The aim of an
expert system is to bring an expert's knowledge and experience to greater use by making
it available to a greater public in the form of a computer program.
The well defined domain of method development in HPLC was selected as the
knowledge domain in the ESCA project. In this knowledge domain, the ESCA project
has produced a number of expert systems (2). The main knowledge domains are: initial
guess of HPLC method conditions (3), selection of an appropriate criterion for the
optimisation of the mobile phase (4), optimisation of the instrumental parameters and
operating conditions (5, 6) and method validation (7, 8, 9, 10, 11).
In the development of these expert systems, three clearly defined phases have
been defined (12). The first phase consists of selecting appropriate expert system
development tools that meet the requirements of the knowledge domain (13). In the
second phase the tools are used to build the expert systems. In the third phase the
expert systems are investigated on their performance and use in the analytical laboratory.
The third phase, the testing phase, is an important phase in expert system
development. The practical use of the expert system largely depends on the successful
conclusion of a thorough testing procedure. Many expert systems never reach the stage
of practical use because the applied test procedures did not establish enough confidence
in them (14). Apart from real problems with the performance of the expert system, the
lack of acceptable expert system test procedures also causes a lack of confidence in
expert systems.

This chapter is part of the paper: RES, an expert system for the set-up and interpretation of a
ruggedness test in HPLC method validation. Part 3: The evaluation, JA. van Leeuwen, L.M.C. Buydens,
B.G.M. Vandeginste, G. Kateman, A. Clcland, M. Mulholland, С. Jansen, FA. Maris, P.H. Hoogkamer,
J.H.M, van den Berg, submitted for publication
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In the ESCA project, a strategy has been developed for the expert system testing
phase. It is intended to establish sufficient confidence in the expert systems developed
in ESCA, by combining theoretical testing of the system using simulated test-cases with
field tests in analytical laboratories. In this paper, the test strategy developed in ESCA
is described, and the results of the Ruggedness Expert System, RES, in this test
procedure are described (15 16).
The knowledge domain of RES, the ruggedness test, is part of an extensive
experimental scheme, normally performed on a new HPLC method. This phase is
commonly referred to as HPLC method validation. The concept of validation is also
used in the expert system testing procedures with a different meaning. In expert system
testing, validation is used for the test procedures that compare the performance of the
expert system against the expert. In table 1, descriptions of HPLC method validation
and expert system validation are given. In this paper, HPLC method validation will be
referred to as method validation and expert system validation will be referred to as
validation or validation of the expert system.
RES
In HPLC method development, method validation plays an important role. In
method validation, a newly developed HPLC method is submitted to a number of tests
to establish its performance. A method validation procedure usually includes tests for
accuracy, precision, sensitivity and specificity (17 18 19).
Part of method validation is a ruggedness test (20 21 22). In a ruggedness test the
performance of the HPLC method is tested under slightly different conditions than the
normal method conditions. The purpose of the test is to simulate changes in the
operation conditions of the method when the method is carried from one laboratory to
another. Examples of conditions that will undoubtedly vary from laboratory to laboratory
are temperature, batch of column material, etc.. In the ruggedness test, the effect of
these variations on method performance can be estimated by simulating them in the
laboratory in which the method was developed.
A ruggedness test consists of a number of steps (15). The most important steps
are:
- selection of factors to test. There is a large number of factors that could be tested in
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Validation: the test whether the system responds to the requirements specified by the developer.
EvaluatloD: the test whether the system corresponds to the expectations and requirements of the users
of the system.
HPLC method validation: test procedures performed on an HPLC method to test its performance with
respect to features such as specificity, precision, sensitivity and method limitations

Table 1 Definition of validation and eveluation
a ruggedness test because they can influence method performance. However, it is
impossible to test them all. Therefore, a selection must be made of most critical factors
that will be tested in the ruggedness test. This selection requires large experience in
HPLC ruggedness testing and method development.
- selection of the experimental design to test the factors. The number of experiments in
the ruggedness test must be kept as low as possible. Numerous experimental designs
exist that could be used in a ruggedness lest. From this collection of designs, the most
appropriate must be selected, taking into account the number of factors to be tested.
- performance of the experiments. The experimental work of measuring the performance
of the method under the various circumstances.
- calculation of the statistical parameters from the experimental data. Parameters such
as main effects are calculated. The main effects indicate the influence of a certain factor
on the performance of the method.
- deduction of chemically relevant information from the statistical parameters. The
statistical parameters are translated into chemically relevant information. For instance,
if the main effect for resolution on the factor temperature is larger than 10 %, a certain
action must be undertaken, for instance, the initial resolution of the method must be
increased.
- advice on improvements to the method, such as the initial resolution required to
resolve the resolution problem.
Some of these steps are typically heuristic (based on experience) and are
therefore suitable for implementation in an expert system, e.g. the step on the selection
of factors to test (9). Other steps are algorithmic and are therefore better implemented
in an algorithmic language, e.g. the calculation of the statistical parameters. As a
consequence, a software system that must guide a user through a ruggedness test must
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contain heuristics as well as algorithmic parts. RES guides a user through a complete
ruggedness test. RES has some features that allow the integration of heuristic and
algorithmic knowledge. An important feature is the representation of the knowledge in
modules. These modules correspond to the steps in the ruggedness test. Each module
is either heuristic or algorithmic.
Expert system test procedures
Testing expert systems differs from testing algorithmic software in a number of
ways. An important difference lies in the impossibility to assess all the program code and
all possible paths through the code in an expert system testing procedure. Because an
expert system usually consists of rules and procedures that chain into each other, the
number of possible pathways through the code is very large. It is therefore important
that a test procedure indicates the limits of the system. The risk that a user enters
information into the expert system that the system cannot recognize should be reduced
as much as possible in the testing procedure.
Another difference with conventional software is that, in many cases, it is
impossible to define what a "good" result of the expert system is. As the expert system
contains the knowledge of an expert, it contains certain assumptions that the expert has
made. These assumptions will be reflected in the results produced by the system. Parts
of the knowledge of an expert may also be uncertain. This may result in less accurate
results, just as the expert will solve some cases better than others. Because of the
impossibility to ensure that the expert system always produces the best possible answer,
the user must have ample possibilities to interact with the system and change the
system's intermediate results during a consultation.
Problems of this type are not addressed in algorithmic software testing
procedures. Algorithmic software testing usually involves the identification of
programming errors by comparing the solution of the program with a calculated solution.
However, they do not take into account any uncertainty in the solution, nor do they take
into account that in an expert system, a large part of the code will not be used in a
normal consultation. Therefore, expert systems need special testing procedures.
Due to the nature of expert systems, general testing procedures are hard to be
defined. Knowledge bases implemented in expert systems differ very much and it is
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especially this part that needs thorough testing. The few cases of extensive testing
described in literature are dedicated to a specific expert system. No general strategy
exists that gives more detail than that the expert system should pass a number of phases
before it can be evaluated in practice (14,23, 24). As a result, no general guidelines like
the IEEE standards for conventional software testing exist for expert system testing (25),
except for exclusively rule-based systems. For such systems, a test procedure can be
constructed that directly tests for failures such as conflict, ' redundancy and circular
reasoning (26). Rule-based systems with a Gxed rule syntax may even include the
possibility of automatic adaptation (27).
The ESCA approach
The objective of the test strategy developed in ESCA is to assess the performance
of the expert system compared to the expert's performance. The proof that the expert
system performs as good as the expert will establish the confidence of future users in the
expert system. A second objective is to assess the suitability of the expert system in real
laboratory situations. Both objectives can be reached by comparing the performance of
the expert systems against the performance of experts being confronted with the same
problems. This requires that the a set of problems is submitted to both the expert system
and the expert, and that the answers are verified in practice if possible. In many cases
it is not advisable to organize a real expert vs. expert system comparison. An important
disadvantage of such a comparison is the large number of test-cases needed to be able
to decide on the expert vs. expert system ranking. Performing a large number of
practical tests may become costly and involve expensive equipment and labour.
The strategy developed in ESCA is based upon the consideration that only the
expert can decide whether the expert system performs as it should perform. The expert
can judge whether the system does contain his knowledge and whether the knowledge
is used correctly by the system. The performance of the system can be measured by
comparing the system's results with the expert's solutions using simulated test-cases. The
test-cases can be simulated to contain various levels of complexity. This part of the test
procedure can be seen as a theoretical test and is called validation (table 1). The
practical side of the test strategy is concerned with the question whether the expert
system is useful in a laboratory environment Only future users can decide upon this
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issue. Users will decide whether the expert system is useful, easy to use, etc.. They will
also be able to assess the benefit they get from using the system. This part of the testing
procedure, the evaluation, must be performed in a real laboratory situation, preferably
with practical laboratory work being done to verify the results of the system. Involving
future users in the evaluation procedure also makes it possible to get information on
how users feel about getting expert type of advice from software systems. The division
of the testing procedure in a validation part and an evaluation pan has the advantage
that simulated test-cases can be used in the validation part. It reduces the cost of the
testing procedure not only by reducing the practical work, but also by enabling the
expert to work with batches of test-cases.
Test criteria
Because of the difficulty to define what a "good" result of the expert system is,
it is difficult to define to what criteria an expert system should be tested. In the
validation, it is possible to set a certain percentage of test-cases on which the expert and
the expert system must agree before the expert system can be evaluated. In the
evaluation however, it is more difficult to set criteria. The knowledge incorporated in
the expert system must be valid. Also, the expert system must be understandable for a
user and must allow the user to make optimal use of the knowledge in the expert
system. These two features interact with each other during the evaluation. The
evaluators only have a limited insight

into the contents and organisation of the

knowledge base so it is difficult for them to identify the cause of problems they may
encounter. Nevertheless, it is possible to identify a number of criteria that are of
importance in the day to day use of the expert system. Some of these criteria can be
tested in the validation. Others can only be tested in the evaluation (table 2). The list
of criteria can be extended with a number of related criteria. However, it is difficult to
make an extensive list with all criteria that should be tested in an evaluation procedure.
Therefore, the evaluators were asked to pay attention to the criteria, but they were also
asked to make comments not related a specific criterion.
1. Accuracy: The accuracy is a measure of how good the expert system's solution
resembles the expert's solutions. The accuracy may be expressed as a percentage of
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Validation

Accuracy
Consistency
Completeness
software
user
Usability
Quality of advice

Evaluation

ж
X
t

t
χ
*
χ

Table 2 Criteria considered
solutions acceptable to the expert A second aspect of accuracy is the repeatability of
the system's solution. If a case is resubmitted to the system, the same answer should be
obtained. Because the pathways through the knowledge base of the system are not
predefined, it should be tested whether the system takes the optimal pathway each time.
One way of testing this is by repeated consultation of the system on the same test-case.
2. Completeness: The completeness of the expert system can be seen from two different
points of view, the software point of view and the user point of view. From the software
point of view, the expert system is complete if it does not allow input values that are not
defined in the knowledge base. It should never end a consultation without giving output.
In practice, it is difficult to test all possible pathways. By testing the expert system with
a wide range of test-cases, it can be shown that the system is complete for a large part.
Such a test can best be performed in the validation phase. In the evaluation, the
completeness of the knowledge base with respect to the requirements of day to day users
can be established. The knowledge base is complete if the evaluators do not find any
missing parts that are essential for proper use of the expert system.
3. Usability: It should be possible for users to operate the expert system with a minimum
of supervision and training. The usability depends on the user interface and the
explanation facilities of the expert system. Users should be able to interact with the
system not only to get advice, but also to change any intermediate results in the system
to their own preference. The usability also includes an assessment of the usefulness of
the knowledge base contents.
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4. Consistency: It is important that the various modules in the system communicate with
each other in a consistent way. The user must be able to change intermediate results to
reflect his own ideas. It should be impossible for the user to make changes that lead to
system crashes or invalid results.
5. Quality of advice: Often it is difficult to identify correct and incorrect answers.
Instead, there is a coninuous scale between correct and incorrect. Therefore, the expert
system should at least produce solutions acceptable to the user. The quality of advice
can be measured as the changes that the user will make to solutions produced by the
expert system.
The validation of RES
Validation involves the selection of a number of test-cases which demonstrate a
variety of situations. The expert predicts the answers, and then solves the problems with
the expert system. If there are any inconsistencies, the expert should decide from one
of the following situations:
- Some of the knowledge in the system is incorrect
- Some knowledge is missing from the system, which should be added to the system
- The knowledge in the system is deemed to be satisfactory, and the system is regarded
as providing good answers to the problems set.
Validation shows whether the systems are providing good expert answers to problems
falling within the intended scope of the systems. The problems that are selected will in
some way be biased as they were chosen by the experts themselves. If there is a bias,
it will therefore be a bias towards a realistic range of problems.
In order to test the repeatability of the expert system and also to prevent the
introduction of problems when the expert decides to fix a problem or add new
knowledge to the system, a regression test is used. It is used to perform quick tests on
versions of the expert system to ensure that the basic functionality has not changed in
an unexpected way. The intention is to define a range of realistic problems which will
be submitted to the expert system, every time changes are made to it, to ensure that it
continues to give valid results.
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The validation process performed on RES consisted of a number of simulated
test-cases that were submitted to the system. As the system has a modular structure, it
was decided to validate each module separately. Because the modules differ in nature
from algorithmic to heuristic, different testing procedures were used for the different
modules (16).
The algorithmic modules were validated using simulated test-cases with precalculated results. The approach used in their validation was similar to approaches
proposed for conventional software testing such as the IEEE standards (25). Such
conventional software testing standards include bug reports, identification of
responsibilities and logging of bug fixes. The algorithmic modules in RES were tested
with approx. 50 simulated test-cases to ensure their bug-free operation. After being
tested with the simulated test-cases, two real data-sets were submitted to the algorithmic
modules as a final test. The heuristic modules were also validated using simulated testcases. A set of 11 test-cases was generated to cover as much of the knowledge in the
system as possible. The coverage of the test-cases over the knowledge added up to some
30%.
In the validation of the heuristic modules, the concept of regression testing was
used. However, to decide which test-cases should be part of the regression test-set was
not straightforward. In fact, it was only for the rule-based modules that it was possible
to set criteria on which test-cases to include in a regression test. For instance, for the
factor choice module the regression test set was selected from the eleven test-cases
available in the validation. On practical considerations, the number of test-cases in the
regression test-set was limited to four. For every test-case a rule trace was made which
showed which rules were triggered. Thus, the number of rules used in each test-case was
assessed. The test-cases were ranked according to the number of rules they triggered.
Also, the rules triggered in only one test-case, the "single" rales were listed. The two testcases with the largest number of "single" rules, rules that were triggered, were included
in the regression test-set, together with the two test-cases that triggered the largest
number of rules overall. With this regression test-set, the heuristic modules were refined.
Results
The factor choice module has been validated using 11 test cases. As this module
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is typically heuristic in nature, it is difficult to estimate its performance. In this case, the
expert was given 11 method descriptions and was asked to select the factors that would
have to be tested in a ruggedness test. The same method descriptions were entered into
the program and the results were compared (appendix 8.1). The criterium to decide
whether a factor choice made by the expert system is acceptable is that a maximum of
two factors difference between the expert's choice and the expert system's choice is
allowed. The difference in the number of factors selected by the expert system and the
expert was allowed to differ by only one. This is done because the number of factors to
test is closely related to the expected usage of the method. If the expected usage of the
method is low then the number of experiments that can be spent on a ruggedness test
will also be low and vice versa. Because the number of experiments increases rapidly
with the number of factors, the number of factors is important for the final acceptance
of the expert system. The factor choice module appeared to have a 80 % success rate.
The same 11 test cases that were used for validating the factor choice module
were also used to test the design selection module. The same score of 80 % success was
reached for this module (appendix 8.2).
The statistical results module is primarily of an algorithmic nature. There are a
number of methods to test algorithmic software. In this case, a number of datasets were
generated, which should not lead to any statistically relevant main effects. After these
had been used to test the system, in each of them a number of disturbances was
introduced resulting in significant main effects. Approximately 50 datasets have thus
been processed by the statistical results module and the predicted main effects have
been reflected correctly in the results obtained from the module.
The chemical results module has been implemented in an object-oriented way.
This module is difficult to test because of the large number of possible interactions
between the objects (in this case main effects). A number of test cases containing one
main effect were generated. The test cases were generated as to contain main effects
that appear during a regular consultation of the program. The test cases have been
tested separately and in different combinations. In this way it was tested whether one
main effect would be identified correctly by the program and whether more than one
main effect would affect its performance. In appendix 8.3 the simulated main effects are
given. For each main effect it can be seen whether it resulted in a warning or an advice
to consult SOS.
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The method improvement or SOS module, has been validated using 10 test cases
selected from literature. As this module is of in nature algorithmic, the results of the test
cases could also be calculated manually. However, the "manual" calculation process is
much more cumbersome than the optimisation scheme programmed in the SOS module.
Because no better results could be obtained by other calculation procedures than those
obtained using SOS, the validation of the module was thought to be successful. The
results obtained with this module were found to be more accurate than the experimental
accuracy that could be achieved in practice. The advice given by this module always
provided the user with an improvement relative to the initial situation. However,
experimental variations sometimes caused differences between the predictions of the
system and subsequently recorded experimental data. More test cases will have to be put
through the system in real laboratory situations to evaluate this module in practice.
The reselect factor levels module is basically a modified version of the factor
choice module. It contains the rules that the factor choice module contains on the
selection of levels. In the reselect factor levels module all level values are being
changed. The outcome of the test cases that were used to test the factor choice module
have been used to test this module. The factors selected by the factor choice module
were entered and the new levels were compared with the old ones. In all of the test
cases the expected levels were found.
The evaluation of RES
Because of the limited resources available and the time needed to perform a
ruggedness test (table 3), the number of evaluators had to be limited to two. The first
evaluator was asked to concentrate on the contents of the knowledge base of RES.
Evaluator 1 has a background in HPLC method validation and formalised ruggedness
testing and already performed a number of ruggedness tests before evaluating RES. The
second evaluator also has a background in HPLC method validation. However, this
evaluator has little experience in systematic ruggedness testing using experimental
designs, but is experienced in ruggedness testing as part of method development and
method optimisation using univariate methods. Therefore, Evaluator 2 was asked to
concentrate on aspects of RES like the user-interface and the usability.
Evaluator 1 must be seen as an expert user of RES. For this evaluator RES
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Step

days

1. Inpul the method, select factors, edit factors and select design

1 to 1.5

2. Carry out the experiments

5 to 9

3. Create the data

file

ч

1 to 2

4. Input of the data file into (he expert system and report interpretation 1 to 2

Table 3 The time involved in performing a ruggedness test with the help of the expert
system

should be an advisory system that the expert user can use as a check to his own
conclusions. Evaluator 1 can assess the validity of the knowledge and the reasoning
strategy in RES. Because Evaluator 1 already has a well defined ruggedness testing
strategy, some conflicts between the strategy embedded in RES and the strategy used
by Evaluator 1 are to be expected. Evaluator 2 represents a typical user of RES who
uses RES as a guide while performing a ruggedness test.
Three different types of test-cases have been used for the evaluations, simulated
test-cases, historic data of ruggedness tests and ruggedness tests performed following the
recommendations of the expert system. Some of the test-cases performed by Evaluator
1 are simulated test-cases similar to the test-cases that have been used in the validation
of RES. The evaluators selected the test-cases from a list of methods that will undergo
a ruggedness test in their laboratory in the near future. As these test-cases are related
to practical test-cases, any bias in the selection of the test-cases will be a bias towards
reality.
A number of real test-cases will also be submitted to the system. The first
evaluator submitted two of his already performed ruggedness tests to RES. Comparison
of the results of the system with the original results gives an estimation of the
correctness of the knowledge base. Also, differences in strategy between the expert
system and the evaluator will be identified quickly. The second evaluator performed two
ruggedness tests guided by the expert system. This evaluation primarily resulted in
conclusions about the usability of both system and ruggedness test and about manmachine interface issues.
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Results
In general the evaluators found the system to be useful. The modules contain
knowledge that is valuable in a laboratory and the system contains parts, such as the
factor choice module, that contain knowledge that cannot be found elsewhere. The
system contains a consistent line of reasoning and produces results that can be used in
method validation and method improvement. The evaluators also made a number of
comments on system improvement. These comments on the system can be divided in
three categories that represent possible sources of dissatisfaction with the system. The
first source of problems is the discovery of errors that should have been eliminated in
the validation phase, the reasoning errors, programming errors and unclarities in the
system. Although the validation was as careful and complete as possible, it is inevitable
that some errors persist and are discovered in a later phase. Fortunately, the occurrence
of such problems was limited. If possible they were repaired immediately to prevent
them from interfering with the evaluation. For instance, a problem with the calculation
of standard errors revealed by Evaluator 1 was corrected in the version of Evaluator 2.
A second source of problems is the possible difference in raggedness testing
strategy that the evaluators already may have developed. The expert system contains the
knowledge of a recognised expert on ruggedness testing. However, this does not mean
that the strategy implemented in the expert system is the only useful strategy. Other
experts are supposed to follow strategies that are largely similar, but minor and
sometimes major differences can be found. This is not a real problem as long as the
strategy employed by the expert system is clear and correct. Users of the expert system
should be able to identify differences between their strategy and the expert system's
strategy quickly and at an early stage.
Thirdly, the evaluators propose a number of extensions to RES that they find
useful. Suggestions range from the method description where more input variables
should be allowed to the interpretation of results where additional statistical tests could
be useful.
Evaluator 1
Evaluator 1 concentrated on the contents of the knowledge base. The evaluator
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tried to answer the following questions in the evaluation process:
- is the list of factors in the system complete

(completeness)

- is it possible to edit the experimental design
- is the statistical analysis valid

(usability)
(consistency)

- are the conclusions practical

(quality of advice)

The evaluation procedure consisted of five test-cases. Two of those are
ruggedness tests that have been performed at the evaluator's laboratory at an earlier
stage. The method description and the experimental results are entered into the system
to check whether RES and the expert agree on the outcomes of the ruggedness test. The
three other test-cases are ruggedness tests that are in preparation at the moment. The
consultation of RES for these test-cases is not taken further than the selection of design
stage.
Comments
One of the crucial points in the evaluation of RES is whether it includes the
factors normally tested in a ruggedness test. RES cannot advise on factors that are not
in the knowledge base so the omission of important factors would be a real problem.
It appeared that the expert system shows to be acceptably complete (table 4). One of
the factors, the sample weight, is tested differently by evaluator and expert system. The
expert system advises to vary the sample weight whereas the evaluator normally varies
the injection volume. Both approaches are basically the same and can be transformed
into each other by simple calculations. Only four factors were indicated that were not
present in the expert system. From these four, one is related to a specific composition
of the solvent of the sample that differs from the mobile phase composition (water in
sample) and the others are related to factors already present in the expert system. The
plate-number change is related to the factor column batch. The testing of a second
additive (additive-2) is related to the testing of the first additive. Also, the testing of the
ratio between solvent 2 and 3 is related to testing the percentage of solvent 1. Adding
these factors to the system must be discussed but is relatively easy.
With respect to the first category of problems, unclarities and errors in the
system, Evaluator 1 misinterpreted a major input item that influenced part of the
evaluation process. As evaluator 2 initially made the same misinterpretation, it is clear
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Possible factors in the
expert system:

Results of the test-cases on factor selection:

A
В
С
D
E
F
G
H
I
J
К
L
M
N
О
Ρ
Q
R
S
Τ
U
V
W
X
Y
Ζ

Sample 1.1 (Evaluator 1)
evaluator factors:
а о q sχ 14
expert system factors: А С Μ Τ X
# of same factors:
2

sample weight
shake time
sonicate time
heat temperature
pore size 1
pore size 2
wash volume
extraction volume
extraction 1
extraction 2
centrifuge minutes
dilution
datahandling
pH
temperature
buffer concentration
solvent %
additive concentration
flow rate
manufacturer
batch
ri-range
filter
wavelength
uv time constant
ri time constant

Factors added by
the evaluators:
water in sample
other plate-number
additive-2
ratio solvent-2,3
Sample preparation factors:
Datahandling factor:
Chromatograph factors:
Column factors:
Detector factors:

Sample 1.2 (Evaluator 1)
evalua'or factors:
а о q χ 12
expert system factors: Α Μ Ρ Τ Χ Y
# of same factors:
2
Sample 1J (Evaluator 1)
evaluator factors:
anopqrnx
expert system factors: Μ Ρ X
# of same factors:
2
Sample 1.4 (Evaluator 1)
evaluator factors:
abhnoqrux
expert system faeton: Η Μ Ρ X
# of same factors:
2
Sample 1.5 (Evaluator 1)
evaluator factors:
anopqrux34
expert system factors: Α Μ Ρ Χ Y
# of same factors:
3
Sample 2.1 (Evaluator 2)
evaluator factors:
b сmquχy
expert system factors: Κ M Τ Χ Y
# of same factors:
3
Sample 2.2 (Evaluator 2)
evaluator factors:
m q ru χy
expert system faeton:
MQ R Τ Χ Y
# of same factors:
S

A-L + 1
M
N-S + 2-4
T-U
V-Z

Table 4 Factor selection results Evaluator 1 & 2
that the user interface of RES can be improved with respect to the messages displayed.
The misinterpretation had the largest impact for the selection of factors (table 4). In a
number of the test-cases a better agreement between the factors chosen by the expert
and the expert system would have been found if the HPLC method would have been
described correctly. The mistake prevented any solvent-related factors from being
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selected, so the factors solvent percentage and additive concentration were never
selected by the expert system. They would have been selected in the majority of cases
if the mistake had not been made. However, the evaluator still felt that despite the
differences between his results and the system's results, the factor selection part is of
great value to an unexperienced evaluator. Especially sample preparation factors are
found to be difficult to predict.
The selection of the experimental design showed a problem of the second
category, differences in strategy between the expert system and the evaluator. The design
used by the evaluator is a fractional factorial design (2Xv) centered at the nominal level.
This design is not included in the set of designs supported by the system. RES supports
(reflected) fractional factorial designs. The main difference in these designs is the
number of experiments required. The evaluator's approach requires less experiments but
is best suited for the testing of stochastic factors that have a linear response over the
range covered by the ruggedness test. Non-linear and deterministic factors can be
incorporated into the design at the expense of an additional factor to be tested. This
requires additional experiments so, depending on the number of non-linear and
deterministic factors, the two strategies can resemble each other in the number of
experiments.
For the evaluation of the calculation module and the diagnosis module only two
test-cases were available. A difference in approach was found for the calculation of the
statistics. The evaluator used a different outlier test than RES. Also, the decision
whether a main effect is significant or not was treated differently. The evaluator related
this decision to the reproducibility of the method found in previous tests (see also the
Discussion). This is not possible in RES where main effects are compared with
predefined limits.
In general, the main comment is that the system is more suitable for an
inexperienced user than for an experienced user. Especially in this case, where the user
applies already a particular ruggedness testing procedure, the system is not flexible
enough at some points to accommodate another procedure than the one embedded in
the system so the usability of RES in its present form is somewhat limited for this
evaluator (table 5).
Because of the error at the input of the HPLC method, it was difficult to estimate
the quality of advice by the number of changes made to the system's advice by the
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Eval. 1

EvaL 2

Accuracy
repeatability
Completeness
software
knowledge base

+

+

Consistency

+•

+

Usability
user-interface
flexibility
explanation

-

+/+/-

Validation
+
+

Quality of advice

+
+

+

Table 5 Performance of RES with respect to the criteria
evaluator. Still, the evaluator had the feeling that the quality of advice was acceptable.
Evaluator 2
The second evaluation took place at the Quality Assurance department of
Evaluator 2. At this department there was little experience with formalised ruggedness
testing using experimental designs but ample expertise in method validation and great
interest in learning more about ruggedness testing. The evaluation was concentrated on
four main questions regarding input and output of the system as it was difficult for the
evaJuators to evaluate the contents of the knowledge bases:
- is the input complete and clear
- agreement with the proposed experimental plan

(completeness/usability)
(quality of advice)

- are the experimental results processed correctly by the expert system

(consistency)

- does the expert system come to a correct and useful result?

(usability)

The evaluation consists of two test-cases that are carried through the expert system
completely, including the experimental work. The two test-cases were selected to
emphasize different parts of the expert system. In the first test-case, the sample
pretreatment is rather complex. Three different solvents are added. Sonicating, shaking
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and centrifugation are all used for extraction. Although two different detectors are used
for the two components, the chromatography is relatively simple. No peak pairs with a
critical resolutions will occur. The resolution between the components and the internal
standard are both about 10.
In the second test-case, the separation is the most critical part. In one run six
components are determined. The resolution between two of the six components is
sensitive for mobile phase changes. Sample pretreatment is very simple. Besides the
three main components, three decomposition products are determined in the same run.
Comments
There was a problem getting the necessary hardware installed. A workable
solution was found by a partial reimplementation of the expert system, deleting some
less essential parts. These parts, mainly the explanation facility, could be consulted on
the original hardware in the course of the evaluation.
In the first test-case, some problems appeared with the input of the HPLC
method into RES. A number of features of the method could not be entered. The
problems with the input of the methods are:
- sonicate and shake could not be selected together
- a fluorescence detector was missing
- it was impossible to select more than one detector, only the UV variable could be
entered.
Also, the same interpretation error of one of the input questions was made as by
the first evaluator. This problem was identified at an early stage and the evaluation
process was not influenced by it.
In the first test-case, the number of factors was changed by the evaluator (table
4). However, most of the changes could easily be explained. The factor solvent was
added because in this method, the mobile phase is premixed. If water and methanol are
mixed by the HPLC equipment, an unstable baseline can occur due to the difference in
absorption between water and methanol at 205 nm. Therefore, only one solvent line was
selected. It appeared that the solvent was not selected as a factor if only one solvent line
is selected. If two solvent lines are selected, solvent was selected at 17 % and 23 %
(nominal level 20 %). The evaluator changed these levels to 18 % and 22 % because

146

they seemed to be rather large for this method.
The factor "manufacturer of column" was changed to batch of column. The
manufacturer was fixed in this method so it was more useful to test batch to batch
variations. For the same reason, the factor "manufacturer" was changed to batch in the
second test-case. It was difficult to find out whether a different column was really from
a different batch. The columns were therefore selected with the difference between the
serial numbers as large as possible.
The factor centrifugation time was removed from the factor choice because the
evaluator uses another approach to centrifugation than used in RES. The expert system
assumes a fixed centrifugation time whereas the evaluator centrifúgales until the solution
is clear. Instead, two other sample preparation factors were added, shaking time and
sonicating time that the evaluator judged as more important.
Although the evaluator changed the factor choice of the expert system
considerably in one of the test-cases, the general conclusion is that the factor choice is
functioning properly and that the flexibility built into this module enhances its use. In
fact, the changes made to the factor choice by the evaluator proved the flexibility and
usability of Res. The user can overrule the expert system whenever he thinks it is
necessary. Similarly, the selection of design module performed to satisfaction of the
evaluation.
In the calculation of results module the evaluator suggests to include more
flexibility. If an internal standard is applied, there is no possibility to enter this
information in the data file. In one of the test-cases this was necessary to calculate the
resolution between the internal standard and the compound of interest.
It is also suggested to add a test on the statistical significance of the main effects.
In the first test-case, the method was not rugged to four factors with respect to the
parameter concentration (table 6). The evaluator tested the statistical significance of the
main effect with respect to the standard deviations computed from the duplicates of
every experiment. The test reduced the number of factors to which the method is not
rugged to one.
The evaluator had problems with the interpretation of the results presented by
the system. This was partly due to the lack of a good manual and also partly due to the
lacking explanation facilities in the specific version of the system. It is expected that both
problems can be solved easily.
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level

parameter
cone
retention
peak height'
(drift factors)
cone
retention
peat height'
(drift factors)

1
3

component

tactor

1
2
2
1
2

solvent
data-hand
solvent
solvent
solvent

1
2
2
1
2

shake
batch
solvent
solvent
solvent

main effect (%)
122 г
106
•2621
897
-7.65
1.29
-108
-18.52
-1314
637

with respect to the internal standard
the statistically significant mam effect

Table 6 Main effects for test-case 2 1
In general the evaluator judged the system as useful It produced good results
and proved to give a valid set-up and interpretation of a ruggedness test The evaluator
adds a possible use of the expert system, to test methods developed at other laboratories
on their ruggedness before using them in your own laboratory

Discussion
In general, both evaluators agreed on the usefulness and the usability of RES
RES appeared to contain a valid strategy for ruggedness testing for an expert user as
well as a normal user The comments made by the evaluators contain a number of
interesting suggestions for improvements to RES
Sometimes, decisions have to be made about the desirability to include more than
one strategy in the system When strategies differ considerably a choice must be made
whether to include the different strategies or to include only one strategy If more than
one strategy is incorporated into the expert system, the user must be given a choice
between the two or the expert system must decide between the two If the user must
decide on which strategy to follow, some expert knowledge is required from the user
This is undesirable because a user will normally not have this knowledge available and
will either have to consult an expert or make a decision himself without knowing the
consequences To let the expert system itself decide between two strategies is not always
possible Before such a decision can be incorporated into the expert system, the experts
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themselves must agree, which is sometimes not easily achieved. Therefore, it seems
better to include only one strategy into the system. This will avoid confusion in the users
because the system will always produce a consistent and reproducible reasoning process.
With respect to suggestions to add parts to the system, in general the proposed
extension are very useful especially where the two evaluators make the same suggestions.
However, the expert system has been developed with a certain user in mind. If too many
options are added to the system it may expect certain actions from the user that the user
cannot perform. For instance, it was suggested to test the statistical significance of the
main effect with a previously determined standard deviation of the method using an Ftest with 95 % confidence interval. This would probably reduce the number of main
effects. If additional statistics are implemented, the user may have to enter a number
of characteristics of the method e.g. the reproducibility of the method. Those figures
may not always be available. Another possibility is to add a repeatability test to RES to
enable the user to measure the standard deviation of the method. Such an addition is
subject of current research (10).
The results of the test procedure as described here gives rise to a number of
comments on the test strategy used. It can be concluded that the strategy was reasonably
successful. Comments were made on most of the criteria, so a good estimate of the
performance of the expert system could be made. Also, a number of additional
comments were made, for instance, comments on the strategy employed by the expert
system. One of the criteria that should have been tested, the explanation facilities of the
expert system, has hardly been tested in reality. This was mainly caused by practical
constraints such as hardware that was not available at the evaluator's site. In retrospect,
it is difficult to say which criteria should be added to the list to include some of the
additional comments made by the evaluators. This is probably caused by the very specific
nature of the knowledge base.
Conclusions
In general the test procedure as described here should be sufficient to establish
the confidence of future users in the system. In the validation phase, the expert system
has been tested on its performance compared to the human expert. It appeared to have
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a success rate of 80-90 %. This is a nearly ideal situation because a 100 % score is
unrealistic and even undesirable. In the cases where there was disagreement between
the expert and the expert system it was very difficult to decide which solution was better.
In the evaluation phase, the performance of the expert system in practice has
been estimated. Both evaluators submitted a broad range of test-cases to the system.
They identified a number of recommendations that would improve the system in their
view, but they agreed upon the usefulness of the system in practice. The system is
probably more useful for a user unexperienced in ruggedness testing than for an
experienced user. As the system was intended for inexperienced users, this was to be
expected.
The Evaluator 2 suggested that the system would also be useful to test the
ruggedness of methods onginating from other laboratories to be adopted by the own
laboratory. The Evaluator 1 remarked that for them, it would be sensible to use only
certain modules of the system and use their own strategy where it differed too much
from the strategy embedded in RES.
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Possible factors:
Sample preparation factors:
1
2

3
4
S
6
7

8
9
10
11
12

sample weight
shake time
sonicate time
heat temperature
pore size 1
pore size 2
wash volume
extraction volume
extraction 1
extraction 2
centrifuge minutes
dilution

Calibration preparation factors:
13
14
15
16
17

weight
shake time
sonicate time
heat temp
dilution

18

centrifuge minutes

DatahandUng factors:
19

user selected factor

Chromatograph factors:
20
pH
21
temperature
22
buffer concentration
23
solvent %
24
additive concentration
25
Dow rate
Column factors:
26

manufacturer

27

batch

Detector factors:
28
29
30
31
32

ri-range
filter
wavelength
uv time constant
ri time constant
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test-case
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sample name

Salbutamol
factors selected by expert:
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

2, 5,19, 20, 21, 23, 26, 30, 31
2,19, 20, 21, 23, 24, 26, 30, 31
8
yes

Imaprinine.HCl
factors selected by expert:
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

21, 23, 24, 27
20, 21, 22, 23, 24, 27
4
no

Fat soluble vitamins
factors selected by expert.
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

9, 23, 25, 30
3, 9, 23, 25, 31
3
yes

Steroids by fast LC
factors selected by expert:
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

5, 19, 21, 24, 25, 26, 30, 31
19, 21, 23, 24, 25, 26, 30
6
yes

Corticosteroids
factors selected by expert:
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

9, 10, 21, 24, 27, 30
9, 10, 21, 23, 24
4
yes

Contraceptive tablet
factors selected by expert:
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

19, 21, 23, 26, 30
19, 21, 23, 26, 30, 31
5
yes

Anti inflammatory drugs
factors selected by expert.
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

19, 21, 23, 24, 26, 30
19, 21, 23, 26, 30
5
yes

Chlorhexidine in urine
factors selected by expert:
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

7, 8, 19, 20, 23, 24, 26, 30
7, 8, 19, 20, 22, 23, 24, 26, 30
7
yes

Chlorhexidine in guaze
factors selected by expert:
factors selected by expert system:
# of same factors:
expert systems's factor choice acceptable:

7, 19, 23, 24, 25, 26, 30, 31
1, 19, 22, 23, 24, 25, 26, 31
6
yes

10

Aspirin and salicylic acid
factors selected by expert:
3, 5,19, 20, 21, 23, 26, 30
factors selected by expert system:
3, S, 19, 20, 23,26, 30
# of same factors:
7
expert systems's factor choice acceptable: yes

11

Haldderm cream preparation
factors selected by expert:
2,19, 21, 23, 26, 30
factors selected by expert system:
2, 5,19, 21, 23, 26, 30
# of same factors:
6
expert systems's factor choice acceptable: yes
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Appendix 82 Test-case results on the design selection module
test-case

sample name

1

Salbutamol
expert: 11 factor reflected saturated factorial
expert system: idem

2

Imaprinine.HCl
expert: full factorial
expert system: 7 factor saturated fractional factorial

3

Fat soluble vitamins
expert: 4 factor half factorial
expert system: 7 factor fractional factorial

4

Steroids by fast LC
expert: 11 factor reflected satured factorial
expert system: idem

5

Corticosteroids
expert: 7 factor reflected saturated factorial
expert system: idem

6

Contraceptive tablet
expert: 7 factor reflected saturated factorial
expert system: idem

7

Anti inflammatory drugs
expert: 11 factor reflected saturated factorial
expert system: 7 factor reflected saturated factorial

8

Chlorhexidine in urine
expert: 11 factor reflected saturated factorial
expert system: idem

9

Chlorhexidine in guaze
expert: 11 factor reflected saturated factorial
expert system: idem

10

Aspirin and salicylic add
expert: 11 factor reflected saturated factorial
expert system: idem

11

Halciderm cream preparation
expert: 7 factor reflected saturated factorial
expert system: idem
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Appendix 8.3 Test-case results on the chemical results module
The following main effects were generated on concentration calculated with peak area :
Name

factor type

factor

SIM1.DAT
SIM2.DAT
SIM3.DAT
SIM4.DAT
SIM5.DAT
SIM6.DAT
SIM7.DAT

Sample preparation
Chromatograph
Chromatograph
Column
Column
Detector
Date handling

SHAKE
PH
TEMP-CHROM
BATCH
MANUFAC
WAVELENGTH
DATA-HAND

and for concentration calculated with peak height there are :
SIM8.DAT
SIM9.DAT
SIM10.DAT

FLOW-RATE
FLOW-RATE
PH

Chromatograph
Chromatograph
Chromatograph

3%
7%
55%

for resolution :
SIMllJJAT

PH

Test schedule
2

1

3

4

5

6

7

8

9

10

1

-

2

-

-

3

SOS

SOS

SOS

4

-

-

SOS

-

5

-

-

-

-

-

6

-

-

-

-

-

-

7

-

-

-

-

-

-

-

8

-

-

-

-

-

-

-

-

9

-

-

_

-

-

-

-

-

-

10

-

-

-

-

-

-

-

-

-

-

11

-

SOS

SOS

-

-

-

-

-

-

SOS

11

-

SOS » Tests which resulted in a possible call to (he SOS module.
- •= Tests which resulted in a warning or advise other then the SOS consultation
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Chapter 9 DISCUSSION AND CONCLUSIONS
Discussion of the expert system building process
The development of the expert systems described in this study has been a stepwise process. In general, three major phases can be identified. In the first phase, the
requirements that the expert system should meet are identified. Based on these
requirements a software tool is selected with which the expert systems have been built.
In the second phase, the actual knowledge engineering and expert system building
process has taken place. This resulted in a number of stand-alone expert systems. At a
later stage, the stand-alone systems were integrated to form a larger system. In the third
phase, the expert systems have been tested to establish their performance in real life
circumstances.
In the first phase, a commercially available expert system building tool has been
selected (see Chapter 4). The selection was based on a comparison of the features of
a number of tools. The selected tools were evaluated by implementing a test knowledge
base. The best strategy for a valuable comparison of the tools was to ensure the
implementation of exactly the same knowledge base in each of them. For this purpose
a representation format on paper was developed to define the exact contents of the
knowledge base. This representation then served as a basis for the implementation in
the tools. The representation technique was also used in the implementation of the
actual knowledge bases.
Knowledge acquisition
In the expert system building phase, one of the major activities was the knowledge
acquisition. The purpose of knowledge acquisition is to structure the knowledge of the
expert into a form in which it can be implemented into an expert system. The knowledge
acquisition process determines the success of the expert system. If, for some reason, the
knowledge acquisition proces is not successful, the expert system will never be useful
because it does not contain all the necessary expert knowledge.

161

Two parties are involved during the knowledge acquisition. The first is the expert
whose knowledge is to be implemented and the second is the so called knowledge
engineer. The function of the knowledge engineer is to perform the structuring process.
The knowledge engineer is usually involved in the implementation of the software.
In the knowledge acquisition process for the expert systems described in this
study, an expert and a knowledge engineer cooperated, who both had a background in
analytical chemistry. In many expert system building processes the expert and knowledge
engineer do not share a common background in the knowledge domain. Normally, either
the knowledge engineer and the expert have a completely different background (e.g.
psychology and chemistry) or the expert and the knowledge engineer are one and the
same person. The shared background of expert and knowledge engineer resulted in a
knowledge acquisition process with a number of typical features.
First, it was not necessary to give the knowledge engineer an introduction into
the knowledge domain. Although some tool developers claim otherwise, it is inevitable
that the knowledge engineer should at least have a basic understanding of the knowledge
domain. For instance, specialists tend to use a kind of jargon. If the knowledge engineer
does not understand this jargon, it may cause communication problems resulting in, for
instance, a wrong notion of the knowledge engineer on what information is essential and
what information is relatively unimportant. Because the knowledge engineer could build
upon his chemistry knowledge, the introduction in the field of expertise and
misunderstandings during the knowledge acquisition were minimised.
Secondly, the shared background enabled the rapid development of prototypes.
It was relatively easy for the knowledge engineer to estimate when a certain part of
knowledge could be implemented into a prototype. Prototypes have an important
function in giving feed-back to the expert on his contribution to the system (the expert
can test the prototype). The rapid development of a prototype also gives both knowledge
engineer and expert a good estimate of the effort and time involved in building the
system. This prevents overestimation and underestimation of the resources available for
the building of the system.
Thirdly, the knowledge engineer can work relatively independently from the
expert when he has a background in the knowledge domain. The knowledge engineer
can propose and implement large parts of the structure of the system without frequent
consultation of the expert. Of course, the parts on which the knowledge engineer works
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independently should only concern the basis of the expert knowledge and can never
exceed the level of knowledge found in textbooks. Also, the expert should test the system
more carefully if the knowledge engineer has produced parts of it relatively
independently. A typical result in the systems described in this study is the Common
Data Structure in which the expert has had little involvement.
The actual knowledge acquisition process involved a number of communication
tools. The basis of the knowledge acquisition process has been a large number of
discussions with the expert on the domain. Usually, these discussions resulted in a
document produced by the knowledge engineer. The document was sent to the expert
and was discussed in a following meeting. In the discussions attention was focussed on
a few example tests performed by the expert in practice. Using the examples, the
discussions resulted in a number of specifications that the expert system should meet.
At the stage when documents were still the major pieces to be discussed, some
techniques and representation formats from software engineering were tried to represent
the knowledge. For instance, data flow diagrams stemming from structured systems
analysis were used to represent the information streams in the ruggedness test (see e.g.
Ch. 4 fig. 2). These techniques proved valuable to represent the global structure of the
systems. However, they were useless at the more specific level of the rules, objects and
procedures. Therefore, their use was limited to the beginning of the knowledge
acquisition process. Later on, an attempt was made to develop a specific representation
format for RES, that proved to be partially successful (see e.g. Ch. 4 fig. 2, Ch. 5 fig.
2&5, Ch. 7 table 1&2).
At a later stage, prototyping took the place of the documents. An iterative process
of prototyping and discussion led to afinalprototype. In the case of RES, an additional
document was produced in which all the knowledge in the system was recorded to
facilitate the portability of the system to other software environments.
Knowledge representation
During the development of the expert system, the question arose whether it was
possible to represent all the knowledge in the systems in one specific knowledge
representation. This appeared to be impossible. A number of processes were identified
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in ruggedness testing that differed so much in character that it was impossible to force
them into the same representation format. But even if this would have been possible,
it would have been of little use. During the course of the study, the conviction grew that
every process must be implemented in the implementation language that fits best the
characteristics of the process. This prevents inefficient implementations that need tricks
to remain correct. Such implementations proved to be difficult to understand and
maintain and useless for integration purposes.
In the system mainly three knowledge representation formats or schemes have
been used, a rule based format, an algorithmic format and a frame based format. The
rule based format was used for typically heuristic processes. The best example of such
a process in the ruggedness system is the factor choice module. Characteristics of a
heuristic process as identified in the ruggedness system are: lack of generally accepted
theory on the process, many influencing parameters, many but relatively easily
identifiable steps in the process and little interactions between steps in the process.
Implementation of the heuristic processes took place in the rule based part of the expert
system tool.
In the ruggedness test, two parts were identified that were typically algorithmic.
For these parts well defined algorithms existed based on well known and accepted
theory. If algorithms exist, it is best to implement them in a programming language
especially developed for this purpose. Therefore, these parts have been implemented in
a conventional programming language.
Finally, the frame representation format was used for processes that contained
a large number of data of different type e.g. strings and numbers. In these processes, the
data were highly related to each other but not such that algorithms could easily be
defined for the process. A typical example in the ruggedness system is the module on
the production of chemical results in which the statistical data are translated into
chemically relevant information. In this case the structure of the data was implemented
in frames whereas the knowledge how to manipulate the data was implemented in
procedures attached to the specific frame upon which they work. This type of
programming is called object oriented programming.
Frames were also used to represent the basic objects used in HPLC method
validation in the Common Datastructure. They are especially useful here because they
allow the structuring of different types of data.
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In genera], it seems likely that the division in representation techniques here will
also be valid for other fields within chemical analysis. This is important because in other
fields it will also be difficult to use one representation technique for a system like the
ruggedness system. In all other fields of chemical analysis complex knowledge structures
are found.
At the beginning of the expert system building process, it was implicitly assumed
that there were certain features that would identify typical "chromatographic" knowledge.
This assumption resulted in the use of a test knowledge base for the evaluation and
comparison of the expert system building tools. To represent chromatographic knowledge
even better, some features were added to the test knowledge base such as an external
database and a kind of circular process in which rules had to be consulted more than
once. With these additions, the test knowledge base was believed to contain all types of
knowledge present in chromatography in realistic proportions.
In retrospect it appears that in the test knowledge base, one type of knowledge,
algorithmic knowledge, was badly represented. As can be seen in the actual expert
system, knowledge in the chromatography domain consists for a considerable part of
algorithmic knowledge. In this respect, therefore, the test knowledge base was lacking
and this shows in the modules that were not implemented in an expert system building
tool. However, the lacking of algorithmic knowledge in the test knowledge base is not
really surprising because the test knowledge base was selected to be a knowledge base
from an already existing expert system implemented in an expert system building tool.
Because expert system building tools, and especially the early versions, have little
facilities to implement algorithmic knowledge, the absence of algorithmic knowledge in
the test knowledge base can be explained. In fact, even in the tools available at the
moment, it is still not straightforward to implement algorithms. On the other hand it is
equally difficult to implement heuristic knowledge in today's conventional programming
languages.
It is very likely that chromatographic knowledge consists of a mix of heuristic and
algorithmic knowledge. Probably, there is a third type of knowledge involved.knowledge
on how chemical molecules interact. Representation of this type of knowledge is
probably best in the symbols used by chemists for representation on paper.
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The acceptance of expert system technology in the laboratory
In the evaluation of the ruggedness expert system, the system performed well
according to the evaluators. Nevertheless they made a number of changes to
intermediate results, especially to the factor choice results. In some of the test-cases the
factor choice was changed for all but one factor. Apart from the fact that it is
encouraging to see that the evaluators still found the expert system useful despite the
changes they made to its intermediate results, the expert system passes a second test
here.
It appears that the evaluators showed no reluctance at all at receiving expert
advice from a computer. The evaluators saw no point in only partly following the advice
of the system and in this way influencing the results of the system. The changing of
intermediate results of a computer program by the user is not common in day to day use
of software. Software is normally consulted to give definite answers. In this case the
evaluators entamated a discussion with the expert system and sometimes overruled its
advice. This shows that software users adapt quickly to the new possibilities expert
systems offer and that no reluctance from the side of the user is to be expected when
introducing expert systems.
General conclusions
The aim of the study presented here has been the evaluation of expert system
technology in chemical analysis and especially in HPLC method validation. In the course
of this research a number of questions have arisen. The main question was whether
expert system technology can be applied with succes to solve problems in HPLC method
validation or, in the context of the ESCA project, HPLC method development. It was
found that HPLC method development and validation can benefit significantly from the
introduction of expert systems in the analytical laboratory. HPLC is a complex technique
in which there are very many specialisms. Many of the specialists can be approached
with direct questions only by the people in their immediate environment. In many of the
specialisms there is only a small number of experts. The experts disseminate their
knowledge by presenting papers, giving courses and lecturing. This leads to the training
of new people in the specific field of expertise but is no guarantee that the expertise is
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available on the workfloor of the laboratory at the moment it is needed. Also, much of
the expert knowledge is difficult to understand and especially in a laboratory
environment people are primarily interested in an answer to the problem they have. The
theory behind the problem solving process is often only of secondary concern.
The use of expert systems as described in this study can improve this situation
considerably. Expert systems are, once installed, always available. An infinite number of
copies of the expert system can be made, so the knowledge in the system can be made
more widely available. The installation of an expert system will also reduce the workload
of the expert, so the process of method development or validation will become more
cost effective.
An additional advantage is that the expert system will produce consistent results.
Especially in HPLC method development this is an important improvement. Because the
field of method development is so broad and has so many alternative routes, it is as
good as impossible for one person to keep an overview. Therefore, the expert will tend
to forget or omit possibilities. An expert system does not have this problem.
Another improvement that expert systems bring is the introduction of new
techniques to the method development process. Especially in method validation,
techniques are used that are developed in other fields of science such as statistics. In
many method validation processes statistics are not used to their full potential, partly
because people are unaware of the possibilities of statistics and partly because statistics
are considered as being difficult. Expert systems can improve this situation, as is
illustrated by the ruggedness system. They can contain the statistical tools together with
the knowledge how to use these tools best. Also, people will now use, maybe even
without being aware of it, techniques that are unknown to them. As long as the
confidence they have in the system is large enough, this is an important advantage of
expert systems.
The expert system building process has resulted in intermediate results that can
be used in the building of other systems in related domains. After the implementation
of the test knowledge base in a number of expert system building tools, criteria have
been formulated for tools that are used for building expert systems in this type of
knowledge domain.
The implementation of RES, the main expert system, and the following
integration with other systems, resulted in a flexible architecture for an expert system
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in HPLC method development. Main features of the architecture are a modular
structure, a Common Data Structure and a Supervisor. This architecture can be used to
extend RES to include related knowledge domains.
The evaluation process resulted in an assessment of the strengths and weaknesses
of RES. A list of possible extensions to the system that can be added at a later stage has
been produced. Also, in a number of cases, conflictmg ideas about the ruggedness test
between the evaluator and the knowledge source for the expert system could be
identified. However, in general the evaluators found the system useful in practice and
valuable for a good performance of a ruggedness test in HPLC.
By now, the expert systems described in this study have already found their way
into a number of laboratories. The knowledge domain of the main expert system, the
ruggedness test, has gained considerably from the development of the expert system.
Ruggedness testing can now be performed more consistently and the aim and limitations
of the test will be clearer to a user.
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SUMMARY
In analytical chemistry, many specialisms exist. Consultation of a specialist on a
certain subject is often troublesome and expensive or even impossible. A possible
solution to this type of problem can be to represent the knowledge of the expert in a
computer program. This can be realised by using techniques originating from Artificial
Intelligence.
In this thesis, the applicability of expert system technology to method validation
in HPLC method validation is investigated. It contains a description of the expert system
building process, a description of the actual systems and an evaluation of the
performance of the systems in real laboratory situations. In the first chapter an
introduction and a general outline of the contents of the thesis is given.
In chapter two the ESCA project is described. The research presented in this
study was performed as part of this project. The ESCA project is concerned with the
development of expert systems in chemical analysis and especially with expert systems
in HPLC method development. In ESCA, the expert system development process is
divided in four phases. In the first phase, the requirements for the expert systems are
defined and appropriate tools for expert system development are selected. The expert
systems are built in the second phase using the selected tools. In the third phase, an
attempt is made to integrate some of the expert systems in more powerful and more
generally applicable expert systems. The expert systems are validated and evaluated on
their use in a practical environment in the fourth phase.
Chapter three contains a description of the knowledge domain on which the
research has been concentrated, ruggedness testing in HPLC method validation. The
practical implications of the ruggedness test are discussed and a theoretical basis for the
knowledge incorporated in the ruggedness expert system is presented.
In the fourth chapter the first phase of the expert system development process
is described. The requirements of the expert systems are identified and accordingly,
requirements are formulated for an expert system development tool, to be used in the
expert system building phase. The most appropriate tool is selected by implementing a
test knowledge base in a representative selection of expert system tools available on the
market.
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In chapter five, the first result of the expert system building process is presented.
An expert system on the selection of the most appropriate factors to be tested in a
ruggedness test is described. The contents of the system, its problem solving strategy and
some validation results are discussed.
The ruggedness expert system is described in chapter six. This system guides a
user through a complete ruggedness test as part of ал HPLC method validation
procedure. It incorporates the system on factor selection described in chapter five. Also
other software, that is not of a heuristic nature, is included in this system. The
architecture of the ruggedness expert system is described and every module of the system
is discussed separately. Also the results of the validation process are presented.
An integration study on the ruggedness expert system and a system on
repeatability testing in HPLC method validation is presented in chapter seven. In this
chapter, the architecture used for the integration process is emphasized.
Chapter eight contains the results of the test procedures performed on the
ruggedness expert system. The strategy of testing is characterized by a division of the test
procedures in a theoretical validation part and a practical evaluation part. The
ruggedness expert system is found to perform well.
Finally, in chapter nine some general conclusions from the research described in
this thesis are presented.
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SAMENVATTING
Binnen de analytische chemie bestaat een groot aantal specialismen. Het
consulteren van een specialist is vaak moeilijk en soms zelfs onmogelijk. Een mogelijke
oplossing voor dit probleem is het implementeren van de kennis van zo'n expert in een
computer programma. Dat is mogelijk door gebruik te maken van technieken uit de
Artificiële Intelligentie.
In dit proefschrift wordt de toepassing van expert systemen in HPLC methode
validatie onderzocht. Het bouwen van de systemen, de systemen zelf en het evaluatie
proces in het analytisch laboratorium worden beschreven. In hoofdstuk 1 worden een
introductie en een overzicht van de inhoud van het-proefgchrift gegeven.
In het tweede hoofdstuk wordt het ESCA project beschreven. Het onderzoek
beschreven in dit proefschrift werd uitgevoerd als onderdeel van dat projert. In het
ESCA project is de toepasbaarheid van expert systemen in de chemische analyse
onderzocht, toegespitst op methode ontwikkeling in HPLC. Het bouwen van de expert
systemen is binnen ESCA in vier fasen gebeurd. In de eerste fase zijn de specificaties
waaraan de expert systemen moeten voldoen geformuleerd. Op basis daarvan is een
software tooi geselecteerd waarmee in de tweede fase de expert systemen gebouwd zijn.
In de derde fase zijn sommige van deze systemen geïntegreerd om te komen tot
krachtigere en algemener toepasbare expert systemen. In de vierde fase zijn de expert
systemen getest op hun bruikbaarheid in laboratorium omgevingen via het proces van
validatie en evaluatie.
In hoofdstuk drie wordt het belangrijkste kennis domein beschreven, de
ruggedness test in HPLC methode validatie. De praktische kanten van de ruggedness
test worden besproken en een theoretische basis voor het ruggedness expert systeem
wordt gepresenteerd.
In hoofdstuk vier wordt de eerste fase van bouwen van de systemen beschreven.
De specificaties waaraan de systemen moeten voldoen worden vastgesteld evenals de
specificaties waaraan de software tooi moet voldoen. De beste software tooi wordt
geselecteerd door een test kennis bank te implementeren in representatieve selectie van
beschikbare software tools.
Hoofdstuk vijf bevat een beschrijving van het eerste resultaat van het bouw
proces, een expert systeem dat factoren selecteert die in een ruggedness test moeten
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worden getest. De inhoud van het expert systeem, zijn probleemoplosstrategie en enige
validatie resultaten zijn in dit hoofdstuk te vinden.
Het ruggedness expert system wordt beschreven in hoofdstuk zes. Dit expert
systeem begeleidt een gebruiker door een gehele ruggedness test als onderdeel van een
HPLC methode validatie procedure. Het expert systeem beschreven in hoofdstuk vijf is
een onderdeel van dit expert systeem. Ook conventionele software is in dit systeem
geïntegreerd. De architectuur van het systeem wordt beschreven en elke module van het
systeem wordt apart besproken. Er worden ook enige validatie resultaten gepresenteerd.
In hoofdstuk zeven wordt de integratie van het ruggedness expert systeem en een
expert systeem op het gebied van herhaalbaarheidsstudies beschreven. In dit hoofdstuk
wordt de architectuur die gebruikt is voor de integratie benadrukt.
De test strategie wordt gekenmerkt door een theoretisch validatie gedeelte en een
praktisch evaluatie gedeelte. Het ruggedness expert systeem blijkt in de praktijk goed
te werken.
Tenslotte worden in hoofdstuk 9 een aantal algemene conclusies gegeven.
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Zoeken naar de grondslagen van een heuristiek leidt vaak
tot de ontwikkeling van een algoritme
Gray NA.B., Chemometrìcs and Intelligent Laboratory Systems,
5 (1988) 13,29
De discussie tussen Gray en Buchanan, Feigenbaum en
Lederberg over de verdiensten van het Dendral project spitst
zich helaas toe op de vraag of dit project wel of niet onder
Artificiële Intelligentie valt en niet op de vraag op het
Dendral project een wezenlijke bijdrage heeft geleverd aan
het oplossen van het struktuurophelderingsprobleem
Chemometrìcs and Intelligent Laboratory Systems, 5 (1988) 1138
De ruggedness test, zoals die wordt voorgesteld door Debesis
et. al. om interlaboratorium verschillen in de eigenschappen
van een HPLC methode te voorspellen door het verwisselen
van analisten, heeft weinig zin omdat, indien er een
probleem wordt gesignaleerd, er geen mogelijkheid is om de
oorzaak van het probleem vast te stellen en er weinig anders
overblijft dan de analist de schuld te geven
Pharmaceutical Technology, 1982, 6, 120-137
Ten onrechte wordt door Fujii et. al. bij de bepaling van de
optische configuratie van aminozuren in peptiden en eiwitten
veronachtzaamd dat de hydrolyse stap voor het vrijmaken
van de aminozuren een potentiële bron van racemisatie is
Biochimica et biophysica acta, 1989, 999, 239-242

De snelle ontwikkelingen op het gebied van op elektrische
spanning gebaseerde scheidingsmethoden maken een
doorbraak van open (capillaire) kolommen voor
vloeistofchromatografie meer waarschijnlijk i.p.v. overbodig
Het besluit om stellingen bij proefschriften niet langer
verplicht te stellen bevordert in zekere zin een vernauwde
kijk op de wetenschap door een nog grotere concentratie
van de aandacht op het eigen vakgebied en het zou daarom
verstandig zijn het toevoegen van stellingen weer te
verplichten
(Promotieregeling van de Katholieke Universiteit Nijmegen,
25 augustus 1989)
Veel expertsystemen bereiken nooit de praktijk omdat bij
het bouwen van die systemen de eis voorop stond dat het
een expert systeem moest worden
We should treat all the trivial things of life seriously, and
all the serious things of life with sincere and studied
triviality
Oscar Wilde
To err is human, but to really mess things up you need an
expert
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