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Abstract

In this paper we present an analysis of the structure of medical knowledge for the
purpose of the construction of knowledge based systems. We discern three different
views on knowledge that each have a different but complementary function with re-
gard to reusability. We show that each of these views suggests distinct activities in
the knowledge engineering process. The reported knowledge organisation is a key ele-
ment of the the GAMES methodology for the construction of medical knowledge based
systems.

1 Introduction

In this paper, we discuss structuring principles of medical domain knowledge in knowledge-
based applications. We take a knowledge-level [Newell, 1982] viewpoint, abstracting from
potential symbolic representations of the knowledge. We distinguish three views on med-
ical knowledge, namely (i) the vocabulary of basic medical terms, (ii) the knowledge types
distinguished in an application, comprising the ontology of the application, and (iii) the
knowledge roles, pointing to the way in which knowledge is used during problem solving.

Multiple views on medical knowledge are useful for a number of purposes. In this
paper we focus on two aspects:
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e The identification of generic, reusable knowledge elements.
e The rationale for specifying activities in knowledge-based system (KBS) construction.

The organisation of medical knowledge as discussed in this paper in one of the corner
stones of the AIM project GAMES-1I. The goal of this project is to develop a methodol-
ogy, including theory and practical tools, for structured medical KBS construction (see
[van Heijst et al., 1993] for an overview of the GAMES methodology). This paper reports
on ongoing work and results within GAMES in the area of knowledge organisation and
ontologies. We do not claim that all this is novel. In fact, our aim is to integrate results
from knowledge engineering research and specialise these for use in medical applications.
In the area of knowledge reuse our ideas are very much in line with [Musen, 1991].

In Sec. 2 we discuss in more detail the notion of knowledge-level modelling and the
multiple views of medical knowledge used in GAMES. Subsequent sections describe how
this view can be exploited for defining generic libraries of knowledge elements (Sec. 3) and
for describing knowledge engineering activities (Sec. 4). Sec. 5 discusses related work and
sketches a research agenda that follows from this work.

2 Knowledge Organisation

2.1 Background: knowledge-level modelling The first generation knowledge-
based systems employed one relatively simple inference engine working on a knowledge
base in a particular representational format, usually production rules. Clancey showed in
his analysis of the prototypical system of this generation, MYCIN that such a knowledge
base hides various important properties of the reasoning process, and of the structure of
the knowledge in the application domain [Clancey, 1983]. Certain rules, or parts of rules,
fulfill particular roles in the reasoning process which remain implicit in such a KBS organi-
zation. This implicitness of underlying structures impairs the acquisition and refinement
of knowledge for the KBs as well as the reuse of the system, its explanatory power and the
assessment of its relation with other systems.

It is fair to say that this problem was not specific for the field of knowledge engineering.
Similar problems were being identified in the broader area of knowledge representation.
Clear evidence of this was brought forward by Brachman and Smith through the results
of their SIGART questionnaire [Brachman & Smith, 1980].The aim of this questionnaire
was to get data on various knowledge representation approaches in order to perform a
comparative study. About the results of their analysis of the huge amount of data received,
they remark:

“Perhaps more than anything else, it has emerged as a testament to an as-
tounding range and variety of opinions held by many different people in many
different places.” [Brachman & Smith, 1980, p. 1]

Everyone seemed to be speaking a different language: a true Babel.

In response to this confusion, Newell coined, in his presidential address to AAAI-80,
the “knowledge-level hypothesis”. The key point underlying his argument was that the
confusion arose because AI research was too much focused on detailed representational
issues. What was missing was a description of the rationale behind the use of Al tech-
niques. He pleaded for a shift of emphasis in Al research from the “how” questions to the



“why” questions. The knowledge-level was his proposal for realizing a description of an A1
system in terms of its rational behaviour: why does the system (the “agent”) perform this
“action”, independent of its symbolic representation in rules, frames or logic (the “symbol
level”).

2.2 Multiple views on medical domain knowledge During the last decade, a
number of proposals have been put forward in knowledge engineering research for describ-
ing knowledge-level models [Clancey, 1985, Neches et al., 1985, Wielinga & Breuker, 1986,
Chandrasekaran, 1988, Marcus, 1988, Musen, 1989, Steels, 1990, Schreiber et al., 1993,
Wielinga et al., 1993, Ramoni et al., 1992]. A common distinction that is being made
is between (i) domain knowledge, defining a declarative theory of the application domain,
and (ii) control knowledge which specifies how to use domain knowledge to solve a problem.

In this paper we focus on the description of domain knowledge and its relation with
control knowledge. Although terminology varies, there appear to be at least three descrip-
tive levels of domain knowledge that can be found in most approaches:

Application ontology
The application ontology, in short “ontology” !, specifies the structure of the domain
knowledge in terms of a number of (domain) knowledge types. It characterises the
types of objects and expressions that one finds in the domain knowledge.
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FIGURE 1: Example domain knowledge types, derived from the ontology underlying INTERNIST-1
[Miller et al., 1982]

Fig. 1 shows a partial example ontology, derived from the way in which domain
knowledge is described in INTERNIST-1 [Miller et al., 1982]. As [Davis et al., 1993]
point out, there is an additional underlying ontological commitment in such an
ontology, namely the representational primitives that are used for describing the
ontology. In GAMES we have chosen the primitives used by Gruber in Ontolingua
[Gruber, 1992]: classes, relations and functions.

Application knowledge
The application knowledge constitutes the “actual” domain knowledge. Roughly, it
consists of two parts:

Tn a previous publication [Wielinga et al., 1992] the first author favoured the term “schema” above
“ontology” to stress that it is product of engineering, and does not necessarily imply a faithful description
of the real world. The use of the second term has, however, become predominant in the literature.



1. Domain vocabulary The set of terms that the application employs to describe
the application domain. Example medical terms are “liver size”, “enlarged”
and “veno occlusive disease”.

2. Domain models Domain models are sets of expressions about how domain
terms are related. An example expression is the statement that the finding
that the “liver size” is “enlarged” is a manifestation of “veno occlusive disease”.
Domain models contain relation tuples and function expressions of which the
underlying structure is defined in the ontology.

From a logicist stance the domain vocabulary and the domain models can respec-
tively be termed the universe of discourse and sets of axioms about elements of this
universe.

Loosely speaking, one could view the application knowledge as an instantiation of
the ontology. However, one should realise that medical terms are objects in their
own right. The fact that some term, say “headache” is viewed as being of type
“observable” is dependent on the application domain. In some other application,
it might well be a disease! Thus, it is probably more correct to view the relation
between the application knowledge and ontology as a mapping relation.

Knowledge roles
Knowledge roles are names for domain knowledge elements that characterise their
role during problem solving. Example role names are “hypothesis” and “expected
datum”. Knowledge roles are linked to the ontology to specify which elements can
play this role. For example, in a diagnostic application the role “hypothesis” will
usually be linked to an ontological type “disease”, which in turn can be mapped on
a set of medical terms representing the diseases in the domain.

Knowledge roles specify how domain knowledge is manipulated by the control knowl-
edge. In GAMES this control knowledge consists of an inference model that specifies
the basic inference steps, and a set of task descriptions specifying how inferences
can be ordered to reach a problem solving goal (see for more detailed descriptions
[Ramoni et al., 1992]). Knowledge roles are part of the inference model. Fig. 2 shows
the generic version of the inference model used in GAMES.

Fig. 3 summarises the three views by organising them in three levels and indicating
typical mappings between these levels. The levels can be seen as attributing various types
of semantics to domain knowledge elements. This is in contrast with the the traditional
logicists view of model-theoretic semantics, which implies a description of semantics at
one level.

1. The wvocabulary of the application knowledge defines medical terms that are used
in the application. Although the particular set of terms in a vocabulary is geared
towards the application, the terms themselves are expected to belong to the field
of medicine in general. The semantics of terms like “lateral side of the femur” is
determined by general medical knowledge, in this case anatomical knowledge. We
will argue in the next section that this effects the way in which we should view
reusability of medical terms.
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FIGURE 2: General “Select and Test” (ST) model of problem solving used in GAMES. The names within
the ellipses represent knowledge roles. Italic names denote inference steps. See for a detailed description
[Ramoni et al., 1992]
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2. The ontology defines additional semantics of application knowledge. We say that
some term like “liver size” is interpreted as an “observable” in our application do-
main. Unlike the vocabulary, the conceptualisations that we chose for an application
ontology are dependent both on the medical sub-domain, e.g. liver diseases, and on
the problem solving task, e.g. diagnosis.

3. The knowledge roles specify the semantic interpretations that we attach to knowledge
elements during problem solving. For example, the finding “liver size = enlarged”
can play the role of expected datum for the hypothesis “veno occlusive disease”, and
be used to disconfirm or strengthen the belief in this hypothesis.

In the following sections we elaborate on how these different levels of knowledge de-
scription can be employed to aid the process of knowledge engineering.

3 Reusability

KBS construction is a time-consuming activity. Even building simple systems requires
a considerable effort. Reusing parts of previously built KBSs is potentially a powerful
approach to overcome these problems. Reuse changes the nature of knowledge engineer-
ing from a pure construction activity to a selection and refinement process of existing
components. It helps turning knowledge engineering from an art into a real engineering
discipline. In fact, it is probably fair to say that reuse is a necessary condition for building
the complex systems we are ultimately aiming at.

It has been recognised that the knowledge-level stance is particularly useful for reusabil-
ity purposes [Gruber, 1992, Musen, 1991, Wielinga et al., 1992]. For reusability of knowl-
edge, it is necessary to abstract from the symbol-level peculiarities of knowledge repre-
sentation. Knowledge-level descriptions are intended to provide precisely this abstraction.
In this section we consider how the knowledge organisation as sketched in the previous
section can be employed to support reusability.

Library of problem solving methods Knowledge roles are part of an abstract model
of how problem solving should be performed. In the literature such a model is called a
problem solving method (PsM) [Musen et al., 1987, McDermott, 1988, Steels, 1990]. The
Select and Test model in Fig. 2 is the general PSM supported by GAMES. In addition, three
specialised versions of this PSM were developed that are specific for prototypical medical
tasks: diagnosis, therapy planning, and monitoring. These PsMs are used in GAMES as a
library of PsMs from which the knowledge engineer can choose a PSM to realise a medical
task in the application domain. Each PSM contains a set of specific knowledge roles for
this task.

Library of ontologies In GAMES we have taken the position that it is not possible to
fix in advance the ontology for applications. As pointed out in the previous section, the
ontology is usually application specific and is dependent on the application task and the
medical sub-domain. Fixing the ontology would constrain the task of building an adequate
knowledge base containing adequate epistemological distinctions too much. However, each
application ontology contains definitions which reappear in other applications. The ap-
proach we have taken in GAMES is to supply the knowledge engineer with a library of



predefined partial ontologies. Through a process of selection and refinement, this library
can be used to support the construction of the application ontology. We distinguish four
kinds of reusable ontologies:

Ontologies for general medical entities With this we mean the terminology that is
related to the medical practice. Here objects such as disease, observable, finding and
therapy, and relations between these objects are defined. The ontology in Fig. 1 is
ax example of such an ontology.

Generic medical and physiological ontologies These are ontologies which are do-
main dependent in the sense that they are related to medical domains, but which are
generic in the sense that the same ontology is required in many different application
areas of medicine.

Generic basic ontologies With these we mean ontologies which are reusable across a
large number of domains. Examples of these are number-theory, scales and scale
conversions, and time ontologies.

Meta-ontologies These ontologies are general systems for organising the world. An
example of such an ontologies is the “frame ontology” underlying Ontolingua
[Gruber, 1992] which defines primitive notions such as classes, objects, functions
and relations. For practical purposes meta ontologies are usually fixed, but making
them explicit facilitates extension and modification when required.

Fig. 5 in the next section shows a snapshot of part of a tool that was built in GAMES
to support the selection and refinement process of partial ontologies.

Library of standard medical terms Currently, most knowledge-acquisition front ends
for building medical kBSs simply ask a domain expert to type in a name when eliciting,
for example, possible diseases in the domain. They do not check the correctness of the
name (other than syntax or internal name clashes). They rely on the expertise of the user
to enter correct medical terms. This situation seriously hampers the reuse and sharing
of knowledge bases. Medical terminology contains many slight variations, such as the
language used (Latin, native language), the position of words in composite terms such as
“lateral side of the femur”, etcetera.

There is a large amount of research in the field of standardising medical vocabulary,
e.g. [Coté, 1982, Tuttle et al., 1990]. It is outside the scope of GAMES to do any work
in this area. Instead, our aim is to provide the necessary anchor points that enable
the construction of bridges with terminological knowledge bases to ensure that terms in
the application knowledge are consistent and potentially sharable. This is also one of the
reasons why a clear distinction between application vocabulary and ontology is important.

4 Knowledge Acquisition Activities and Tools

It will be clear that in the GAMES view “knowledge acquisition” comprises more that
just entering medical domain-specific knowledge such as the set of diseases and findings.
A major part of knowledge acquisition concerns the knowledge-level description of the



structure and the use of this domain knowledge during problem-solving. In GAMES the
full knowledge-level model (comprising the three types of descriptions of domain knowl-
edge plus the instantiated problem solving methods) is called the epistemological model
[Ramoni et al., 1992].

The multi-level knowledge organisation and their associated generic libraries provide
also a rationale for identifying knowledge acquisition activities that need to be performed
when building an application. Fig. 4 gives a schematic overview of these activities. We
discuss each of these briefly, indicating also support tools for activities.

_ Generic Epistemological Model
Epistemological Model of the application
components

knowledge engineer map knowledge
oles oo appl-
cation ontology

v Application ontology
select ontologies disease
and configure disease-subtype-of
finding
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FIGURE 4: Schematic overview of the domain knowledge organisation in the GAMES epistemological model.
The right-hand side represents the model of an application; the left-hand side denotes corresponding generic
knowledge. GAMES supports the upper two types of generic knowledge (libraries of PsMs and ontologies).
The solid arrows represent knowledge acquisition activities that need to be performed when building an
application. The dotted arrows indicate the type of agent that is expected to carry out some activity

Task model construction The phrase “task model” is used in GAMES to refer to the
control-knowledge description of some application. This activity uses the library of PsSm
specifications in order to build an inference model and a set of task definitions for the



application. At the University of Pavia, a prototype system has been built that supports
the construction of a task model using a metarule language with an associated metarule
editor [Lanzola & Stefanelli, 1992, Lanzola & Stefanelli, 1993]. The system provides stan-
dard sets of metarules, representing the different library tasks. These metarules can be
edited to meet specific demands of applications.

It should be noted that the task model of an application often contains a combination
of PSMs. Many real-life medical tasks are combinations of the generic medical tasks repre-
sented in the library. For example, the task of managing graft-versus-host disease (GVHD)
after bone marrow transplantation involves both a diagnostic task (establishing the pres-
ence of GVHD; grading of GVHD) as well as therapy planning activities. Typically, this
involves multiple mappings between the ontology and the knowledge roles. For example,
GVHD takes the role of “hypothesis” during diagnosis, but is considered a “problem fea-
ture” during therapy planning. Such multiple mappings constitute an additional rationale
for the explicit distinction we make between ontological elements and knowledge roles.

Ontology specification The goal of this activity is to define a schematic description
of the medical knowledge in some domain: the application ontology. This needs to be
done by the knowledge engineer or an informed expert that takes the role of knowledge
engineer. It is supported by a predefined library of ontology descriptions. The idea is that
the knowledge engineer does not build the ontology from scratch, but can use existing
ontologies from the library, and, if necessary, tune these to meet the demands of the
application. For example, several ontologies of time exist, each with varying degrees of
complexity. Monitoring applications usually require a much more explicit representation
of time than diagnostic ones. Typically, the knowledge engineer will select the simplest
time ontology required by the application.

In GAMES we use the Ontolingua language developed in the context of the knowledge
sharing initiative in the Us [Neches et al., 1991, Gruber, 1992] to represent ontologies. We
have built a tool that acts as a front-end to Ontolingua representations and allows both the
construction of ontological theories as well as the selection and fine-tuning for a particular
application. Fig. 5 shows the part of the tool that supports viewing and refining a theory
(partial ontology) in the library.

Role mapping This activity defines how the elements of the medical ontology map
onto roles in the inference model. This is largely predefined by the GAMES theory
[Ramoni et al., 1992], but can be modified by the knowledge engineer, This activity re-
quires detailed knowledge of the GAMES theory and should thus be carried out by the
knowledge engineer. The mapping is represented in the task model (see above) and is
achieved in the prototype system through metarules.

Entering application knowledge The ontology defines the format for the application
knowledge. The actual specification of the application knowledge in this format is a
separate knowledge acquisition activity. This activity can and probably should be carried
out by the domain expert. This activity has often been viewed as the only real “knowledge
acquisition” activity. This was mainly due to the fact that the formats that were used
by medical KBSs were fixed by the symbol-level representation of knowledge and their
associated inference regimes.
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FIGURE 5: Screen dump of the part of the GAMES ontology editing tool that supports viewing and refining
a theory (partial ontology) in the library. The ontology shown is derived from INTERNIST-1 (see also Fig. 1)

The aim of the GAMES approach is to allow experts to interact with a knowl-
edge acquisition tool in a vocabulary that is meaningful to them. Similarly to OPAL
[Musen et al., 1987], we aim for a dialogue with the expert in terms of the ontology (“What
are diseases in this domain?”), rather that in terms of knowledge roles (“What are hy-
potheses in this domain?”) as in systems like MOLE and SALT [Marcus, 1988|.

One point that arises from the discussion on standardised medical vocabulary in the
previous section, is that one would like to support the entering by the expert of medical
terms with tools that browse and/or search through terminological databases. This would
ensure the presence of correct and potentially sharable terms in the knowledge base of the
application. One of the longer term research goals of GAMES is to make such additional
facilities available to the GAMES user.

5 Discussion

We have described the framework employed by the GAMES project for organisation of
medical knowledge. This framework is intended to support maximisation of reusability

10



and to provide a rationale for identification of KBS-construction activities.

In this paper we concentrated on knowledge-level modeling, focusing on the contents of
the knowledge instead of the form (the symbol level). However, some words are in place on
the computational aspects. In order to build a running KBS the selection of representation
formalisms and reasoning techniques needs to be addressed as well. In GAMES we account
for these decisions through the computational model: the symbol level counterpart of the
epistemological model. The structure of the computational model is loosely based on
the notion of a control blackboard architecture [Hayes-Roth, 1985], where the knowledge
sources implement the inferences in the ST model. In principle, the knowledge sources can
be realised with different problem solvers, thus allowing the use of multiple representa-
tions and multiple reasoning techniques in one KBS. We are currently experimenting with
qualitative simulation techniques, causal-probabilistic networks and rule and frame based
reasoners. Construction of the computational model involves two steps, namely (i) select-
ing appropriate problem solver for the inferences, and (ii) translating the ontology and
the domain knowledge into the particular representation formalism of that problem solver.
Note that we select the problem solvers after we have constructed a knowledge level model.
This allows us to select problem solvers that are both epistemologically and computation-
ally adequate for the knowledge and the task at hand. This form of integration, which we
call knowledge-level integration, should be contrasted with the approach in hybrid systems
because integration is realised on the basis of the contents of the knowledge instead of the
form. The use of Ontolingua allows us to use the associated translation architecture for
automatic translation of the application ontology and the application knowledge into the
specific formalisms.

As pointed out in Sec. 1, the framework for knowledge organisation as described in
this paper is derived from recent work in knowledge engineering. A relevant development
in this field is the Sisyphus initiative [Linster, 1993] of which the aim is to come up with
a common framework for describing problem solving methods and the ontologies these
methods employ, which allows sharing and reusing PSMs across research groups. Our aim
is to extend and specialise this research in a medical context. We view the following items
as major research topics for further work in this area:

e Construction, validation and refinement of a library of PSMs that are specific for
the medical domain.

e Construction, validation and refinement of a library of partial ontologies that are
relevant in the medical domain. Example elements of such a library include partial
ontologies of medical data, causal networks, disease taxonomies, time, etc.

e Experiment with links between knowledge acquisition tools and terminological
databases.

e Establish the relationship between medical knowledge bases and medical information
systems.

In practice, KBSs are not used in isolation but have to be integrated with more con-
ventional information technology such as hospital information systems. The frame-
work outlined in this paper provides clear anchor points for establishing bridges
between medical knowledge bases and databases, e.g. through shared ontologies.

11



Ultimately, this should pave the way the way for building a new generation of KBSs
that meets the demands of medical practice.
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