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Abstract
Knowledge acquisition remains one of the primary constraints on the development of
expert systems. A number of researchers have explored methods for allowing a
machine learning system to assist a knowledge engineer in knowledge acquisition. In
contrast, we are exploring methods for enabling an expert to directly interact with a
machine learning system to collaborate during knowledge acquisition. We report
recent extensions to our methodology encompassing a revised model of the role of
machine learning in knowledge acquisition; techniques for communication between a
machine learning system and a domain expert and novel forms of assistance that a
machine learning system may provide to an expert.
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Introduction
Despite two decades of research, knowledge acquisition remains a primary bottleneck for expert
system development. The two primary approaches to knowledge acquisition are knowledge
elicitation from experts and machine learning. Each has distinct strengths and weaknesses.
Knowledge elicitation involves the encoding of knowledge that is expressed by a human expert.
This knowledge takes the form of a model of the domain that is constructed by the expert, often
with assistance from a knowledge engineer or automated assistant. Human experts are able to
draw upon book learning (the accumulated wisdom of thousands of years of human endeavour),
practical experience, general and common-sense knowledge and are situated in the social and
operational context in which the knowledge is to be employed.
Machine learning involves formal automated analysis of example cases from which a knowledge base (model of the domain) is inferred. A machine learning system is able to perform exhaustive
logical and/or statistical analysis of large sets of examples and may be free from conceptual bias
derived from book learning and social context.
Thus, a machine learning systemÑ
¥ may consider solutions which human biases lead experts to overlook; and
¥ may induce knowledge in contexts in which human expertise is unable to provide insight, for
example, because no one has yet developed solutions to the particular problem.
Conversely, human expertiseÑ
¥ may be able to provide solutions in circumstances for which the available example cases are
not adequate for a machine learning system to derive a suitable solution; and
¥ will often be able to discriminate between potential solutions on the basis of knowledge that is
external to the formal considerations available to the machine learning system.
Further, a machine learning system is constrained by the problem description that is provided. If
a particular factor is necessary for correct analysis of a domain and the machine learning system

is not provided with knowledge of that factor then it is not possible for the machine learning
system to produce a correct analysis. The domain model (set of primitive terms, predicates and
operators with which the system is provided) defines the space of possible solutions that it can
generate. If an adequate solution does not lie within that space then it is not possible for the
machine learning system to find one. Although there has been considerable research into
techniques for extending domain models by learning new terms and predicates [1, 2, 3, 4] the
new terms and predicates so learned are necessarily derived from the primitive terms and
predicates with which the system is provided. Such approaches extend the space of possible
solutions but still fail to enable a machine learning system to develop adequate solutions when
the initial domain model lacks key terms, predicates or operators. Morik [5] has investigated
techniques for machine learning systems to identify deficient domain models but still requires
knowledge elicitation to rectify the identified deficiencies.
In view of the differing and complementary capabilities of knowledge elicitation and machine
learning, there is considerable potential for gain through the integration of the two approaches. A
number of research groups have investigated the integration of machine learning and knowledge
elicitation [6, 7, 8, 9]. These approaches provide environments suited to sophisticated knowledge
engineers. In contrast, the current research investigates the integration of knowledge elicitation
with machine learning for users with little or no expertise in knowledge acquisition or knowledge
based systems [10]. In such a context it is important that the knowledge representation language
and the interactions between the system and the user be simple to use and master.
Webb [11] described initial work toward the development of techniques to support such
interaction. This paper describes our recent progress in refining and extending these techniques.

Overview
Our attention is focused on a very specific type of knowledge acquisition taskÑthose:
¥ that can be handled by a domain expert without aid from an expert knowledge engineer;
¥ for which a domain expert has non-trivial insight; and
¥ for which it is possible to accumulate a suitable set of example cases.
It can be seen that this type of situation lies between standard machine learning, previous
approaches to integrating machine learning with knowledge elicitation and automated knowledge
elicitation aids such as ripple-down-rules [12] and repertory grids [13]. It is distinguished from
standard machine learning by the tight integration of the domain expert into the knowledge
acquisition process. It is distinguished from previous approaches to integrating machine learning
with knowledge elicitation by removing the knowledge engineer from the process. It is
distinguished from the ripple-down-rules and repertory grid approaches to automated knowledge
elicitation by removing the reliance on the domain expertÕs ability to correctly solve problems
from the domain.
The system was previously called ÔEinsteinÕ. To enable us to distinguish two distinct
components of the systemÑthe interactive collaborative interface and the induction engineÑthe
name ÔEinsteinÕ is now reserved for the latter and the name ÔThe Knowledge FactoryÕ is now
applied to the former.
The knowledge representation formalism is restricted to simple tests on attribute-values. We
contend that sophisticated use of first-order logic would provide a considerable barrier to use by
naive users. In particular, we believe that a simple attribute-value representation formalism is
appropriate for a system that is to be used without the assistance of a knowledge engineer.
The Knowledge Factory is oriented toward knowledge acquisition tasks for which both a domain
expert and a body of examples such as are typically provided to a machine learning system are
available. It is expected that both the machine learning component and the domain expert will
have differing and complementary insights into the domain. They can apply those insights either
by directly modifying the existing knowledge base, or by providing comments to the other.

If the two are to communicate with each other, as the provision of comments implies, there is a
need for a suitable language. There are a number of constraints upon such a language. It must be
comprehensible to both parties. It must be sufficiently expressive to enable the communication
of sophisticated critiques of a knowledge base. In the context of a system aimed at
unsophisticated users, it must be simple to master and use.
Our solution is to use examples as the primary means of communication. Examples have
meaning to a machine learning system. They provide the reasons for the systemÕs actions (it will
develop a particular classifier precisely because it handles the available examples in a particular
manner). Examples also capture a machine learning systemÕs objections to a proposed rule. Why
would it object to a rule? Because the rule will misclassify particular examples. Further, experts
are typically adept at handling example cases. Expertise is, after all, the ability to handle cases
appropriately.
The techniques presented by Webb [10] were centred around communication via examples
(although this abstract description of the form of communication was not made explicit).
Two primary techniques were developed to allow the machine learning system to critique the
existing rule set. The first was through case-based critiqueÑthe display of the example cases that
a rule correctly classified (positive support for the rule); misclassified (evidence against) and
failed to classify (cases that the rule could profitably be generalised to handle). The second
technique was the development of revisions to the existing rule set through analysis of the
example cases.
Three primary techniques were developed to allow the user to critique the current rule set. One
technique was for the user to make qualitative judgements about individual rulesÑunacceptable ;
acceptable (but could be improved); or accepted (do not alter). Another technique was for the
user to provide critique in the form of examples (Òthis rule is no good because it misclassifies the
following type of caseÓ). Such examples could be incomplete or prototypal. The third technique
was through direct manipulation of the rule set (Òthis rule should be ....Ó).
A number of facilities were provided for the user to manage the induction process. The user
could nominate attributes that should be considered in rules for a given class. The user could
control the level of generality of the rules inferred. Highly general rules will classify more cases
with lower expected accuracy [11].
An important innovation of the system was the ability to modify the domain model at any stage
during the knowledge acquisition process. Attributes could be added or deleted. This was
organised in such a way as to minimise the disruption to the existing rule set. This contrasts with
traditional machine learning for which revisions to the domain model, necessitate that induction
start again from the beginning, losing any work performed to date.
Since 1992 we have been working to extend this methodology. The rule refinement techniques
have been substantially reworked, as reported elsewhere [14] . The following sections report on
the progress that we have made in extending other aspects of the integrated machine learning and
knowledge elicitation methodology that we are developing.

Alternative rules
Recent developments in machine learning, and, in particular, our own recent reappraisal of the
field [11, 15] have led us to substantially revise our interpretation of the role that a machine
learning system might most profitably play in an interactive knowledge acquisition system.
Previously, we took the view that the role of the machine learning system, unlike that of the
expert, was to develop final rules (rules that require no further refinement). However, we have
come to take a slightly unusual view of the role of a machine learning system in knowledge
acquisition. We now view the learning task in the context of partitioning a feature space into
areas labelled by classes. The machine learning system is seeking a partitioning that maximises a
quality evaluation function with respect to the training set. It is restricted in the set of
partitionings that it can consider by the language for expressing partitionings with which it is

provided. This process has two aspectsÑidentifying clusters of cases that can (and should) be
placed within one of the partitions and forming the partitions around those clusters. Most
approaches evaluate the quality of a clustering, not the details of the partitions into which the
clusters are placed. That is, they consider the appropriateness of the assignment of cases to
partitions labelled with a particular class, but not the decision surfaces that are selected to form
the partitions. (A notable exception is MML [16] .)
In this context, it is quite likely that there will arise situations in which a machine learning system
identifies a useful cluster of cases, but selects a partition to enclose that cluster that the domain
expert considers inappropriate.
Figure 1 illustrates this situation, with respect to a
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Figure 1: A feature space with multiple perceived by the domain expert. Any one of the
credible partitionings for a single cluster three constraints (a £ 2 or b £ 2 or a £ 2 & b £ 2)
may be preferable to the domain expert. There is
of examples
no principled means for the machine learning
system to select which constraint will be preferable, unless it has access to forms of background
knowledge not normally employed in machine learning.
Machine learning systems have access to the information needed to provide alternative
partitionings for a cluster of cases. There seems to be potential for gain if the user is allowed to
make this final decision. By the same token, however, we do not want to burden the user with
numerous trivial decisionsÑin many situations he or she be content to allow the machine
learning system to select, for example, because he or she has no greater insight into the
appropriate constraint than does the machine learning system. There is a further difficulty in that
there will frequently be a large number of constraints, all of which will equally partition a given
set of cases from all others.
A restricted set of these constraints can readily and usefully be identified, however. The most
specific constraint that covers all cases in a cluster will be of interest because it will include all
factors that might be relevant to a partition that isolates those cases. Further, it has been claimed
that for appropriate learning tasks, the selection of most specific rules will in general maximise
positive predictive value [11].
Most general constraints are also likely to be of interest as these will employ the least numbers of
factors and hence be most readily apprehended by the user. There is also evidence that more
general classifiers lead to greater predictive accuracy [11] .
Finally, a conjunction of all most general constraints will provide a constraint of intermediate
generality and complexity that eliminates reference to any factors that are clearly not required in
order to partition the cluster of cases from all others.
Taking all these factors into account, the cleanest technique for supporting this type of facility

would appear to be to allow the machine learning system to select an individual constraint as
normal, but to allow the user to request a list of alternatives and to replace the machine learning
systemÕs selection with one of these alternatives if so desired. Figure 2 illustrates the interface
that we have provided to support such an interaction. Each rule represents a constraint that can
partition the cluster of positive examples covered by the current rule from all negative examples
not covered by that rule. A menu command allows the user to request the generation of such a
list of alternative rules. The highlighted rule is the original for which alternatives have been
requested. The window in the background presents the four alternative rules that have been
proposed by the machine learning component. The first is the most specific rule. The second
rule is of intermediate generality. The last two are the most general rules.

Figure 2: Presentation of multiple credible partitions for a single cluster of examples

Altering the cluster
While this facility allows the user to readily select between alternative partitions for a given
cluster of cases, it will also often be the case that the user wishes to modify the actual clusters that
are to form the basis of individual partitions. That is, in the context of the two layer model of
machine learning identified above, the domain expert may wish to critique the actions of the
machine learning system in either layer. To this end we believe that it is useful to provide
facilities to enable the user to require the inclusion or exclusion of specific cases from a cluster.
A simple means to extend a rule to cover a single additional case is least generalisation [17] . We
believe that this provides a suitable mechanism for extending a partition to include a case as it
extends that partition the least possible amount.

The counterpart to least generalisation, for excluding cases from a partition, is least
specialisation. However, while there will always be a single least generalisation of a single rule
with regard to a single case within the language for expressing rules with which we work, there
may be multiple least specialisations. Our solution is to provide a list of all least specialisations
from which the user may select one.
These mechanisms extend the range of case-based interactions that are provided to the user. We
believe that these mechanisms provide powerful facilities for a naive user to refine rule sets
without the need to articulate specific modifications. As previously argued, the articulation of
specific modification is often difficult for the domain expert whereas the use of examples to
illustrate required changes may not be so difficult.
These new mechanisms can be coupled with the previously identified technique of critiquing a
rule set by specifying counter-examples. If the user feels that a rule is deficient because it fails to
accommodate an example case that is not provided in the training set, he or she can readily
specify such an example and then use the new mechanisms to require that the rule accommodate
that example. Similarly, if a rule will reach an incorrect conclusion, the user can specify a
counter-example and require the system to modify the rule to exclude that case. The use of these
mechanisms can result in an interactive training process similar to that of MARVIN [18].

Providing general guidance on the forms of partition to select
The previous version of our system allowed the user to select between three different levels of
generality in the rules the machine learning system inferred. Reappraised in terms of our more
recent model of the role of a machine learning system, these correspond to the most specific, the
most general and an intermediate level of rules that covered each cluster of examples.
Given our improved understanding of the implications of varying the generality of inferred rules
[11], and of the potential for varying misclassification costs for different classes, we can now see
the value of allowing finer grained control over the level of generality of inferred rules. In
particular, we now believe that it will often be valuable to be able to request different levels of
generality in the rules inferred for different classes.
For example, consider a hypothetical domain with three classes, A, B and C for which there is a
high cost for misclassifying cases of A as belonging to other classes and a high cost for
misclassifying cases of other classes as belonging to class C. In this situation it would be
appropriate to infer highly general rules for class A; rules of intermediate generality for class B;
and highly specific rules for class C. Based on the implications of varying levels of generality
predicted by Webb [11], this should result in the minimisation of high cost misclassification in
this hypothetical situation.
The Knowledge Factory now provides facilities for allowing the user to select differing levels of
generality of inferred rules for different classes.

Case-based critique of complete rule sets.
The previous techniques for case based critique of a rule set concentrated on the evaluation of
individual rules in isolation. As mentioned above, for any rule, lists were provided of relevant
examples correctly classified, misclassified and not classified. However, while this information
is extremely valuable when considering an individual rule, it does not show how the rule set as a
whole relates to the example. This is an issue because multiple rules may cover a single example.
In consequence, analysis of an individual case might indicate that it is covered by a rule that
correctly classifies it, leading the user to believe that it will be handled correctly, while another
rule might over-ride the first, resulting in the caseÕs misclassification.
For case-based critique to have broad application it must also be able to support evaluation of a
rule set as a whole. We assume that there will be two major concerns with a rule set. First, what
cases does it misclassify. Second, what cases does it fail to classify. (In the first situation, the
case is assigned the wrong class. In the second, it is assigned no class.)

It turns out to be straight forward to extend the techniques developed for case-based critique of
individual rules to cover these situations. Quite simply, two additional windows are maintained,
each of which lists one of these types of example case.

Rule application outcome display
Most evaluation of classification rules developed by machine learning systems concentrates on
predictive accuracy. However, this is but one of the useful measures by which such a system
might be assessed [19]. Different measures of the quality of a classification system will be more
appropriate for different contexts. In many contexts predictive accuracy will not be the relevant
criterion. If we are to provide useful tools for presenting aggregate summaries of classifier
performance on a body of examples, these need to be able to present the type of aggregate
summary that is relevant to a particular application.
Rather than have the user select the type of summary required, we have opted to develop a form
of summary table that encapsulates all types of summary that are likely to be relevant. An
example is presented in Figure 3.

Figure 3: Example aggregate summary table

Conclusion
We have described a number of extensions to existing techniques for integrating knowledge
elicitation and machine learning. Of particular novelty is that the key role of machine learning is
viewed as identifying clusters of cases to be covered by individual rules rather than formulating
precise rules. We have also indicated how the new techniques have been implemented in the
proof-of-concept system that we are developing. In addition to these theoretical advances, we
have made a number of significant extensions to the implementation, required for various
evaluation purposes. These include facilities for generating the rule base in the form of PRL or C
code, in addition to the CLIPS and stand-alone Macintosh system that were previously supported.
The systemÕs capacity has also been greatly expanded. It is now capable of processing up to 130
attributes.
We believe that the techniques that we have developed allow rapid development of high quality
expert systems by naive users. Informal studies that we have conducted support our intuitions.
At the time of writing we are planning formal studies to evaluate these intuitions with more
rigour.
We believe that the techniques that we are developing have the potential to alleviate the
knowledge-acquisition bottle-neck, at least for the class of problems at which it is aimedÑthose
that can be described in attribute-value terms, for which a domain expert has non-trivial insight
and for which it is possible to accumulate a suitable set of example cases.
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