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Abstract transformation of requirements and knowledge into the ex-
ecutable system [14].

Knowledge Engineering methodologies suggest to de- Responding to this need for high-quality systems,
velop knowledge-based systems by means of abstract conesearchers from the field of Knowledge Engineering
Ceptual models such as OntOlOgieS. However, they prOVide(KE) [28] have proposed Systematic guide"nes and tech-
little support for integrating these models into the overall niques for the construction of knowledge-based systems
software architecture. As a result, moving from high-level (KBSs), such as CommonKADS [27] and Regé [20].
conceptual models to a reliable and maintainable imple- At the core of these methodologies is the construction of
mentation is difficult and eXpenSive. The central idea of exp"cit models of domain expertise, Consisting of knowl-
the Software Engineering framework for knowledge-based edge about the domain concepts (ontologies) [33], problem-
systems presented in this paper is to amalgamate ontol-solving methods (PSMs) and mapping rules that specify

ogy construction with an object-oriented development pro- how to apply PSMs to domain knowledge [23].
cess. The ontologies, designed as UML class diagrams with

OCL constraints, are automatl_cally m?pped to structure- 5 academic level for more than a decade, those the-
preserving Java classes. Meta-information on these classes

hich i tracted at time b t reflecti oretical advances still await their breakthrough in indus-
which 1S extracted at run-ime by means of retiection, n- vy, projects [2]. We argue that this is largely because

a_k:_les the re.UTe of gehnerll((; compr:) nentf for Irntqwled%ekacqull—um“ now little effort has been made to integrate knowl-
S|d|on, cr(])n§|s en_lc%/ checking, EC err;)? ratr;]s a |§_n _ant r‘OV\(’]I'edge models into the overall software architecture. Ontolo-
edge sharing. € approach enables the etficient round-q;o¢ 50 represented in languages derived from KIF [11] or
trip engineering Qf knowledg_e-b_ased systems by means of, _oNE [5], which are little known to developers outside
smoothly integrating ontologies into the software architec- the field of Artificial Intelligence (Al). Furthermore, these

ture, massive .t00| suppo_rt, compatibility with existing stan- languages make it hard to implement interactions between
dards and rapid prototyping. the knowledge-representing components and the remaining
modules such as GUIs, which are typically designed and
implemented in object-oriented languages using commer-
1. Introduction cial tools. Finally, although tool support is vital for effi-
cient system development, there are hardly any ontology
There is an increasing demand for “intelligent” software Modeling tools of industrial strength available. As a result,
in domains as diverse as clinical decision making, businessmoving from high-level conceptual models to a reliable and
process construction and intelligent tutoring. In contrast to Maintainable implementation is difficult [2] and developers
other types of software, like text processors and databasd'ave to expend considerable efforts building up a basic in-
applications, these systems contain an implicit or explicit frastructure to embed KE technology into their projects.
model of domain knowledge. The elicitation and main- In order to overcome these limitations of a pure Al
tenance of this domain knowledge in programs is difficult perspective on developing KBSs, some recent research
since knowledge is often hard to formalize and rarely well- has been undertaken in integrating KE technology into
understood by computer scientists. Thus, domain expertggeneral-purpose Software Engineering (SE) methods and
must be involved in system design and evaluation. Ide-tools [4, 7]. It is based on the observation that formaliz-
ally, the system’s knowledge should be made transparentjng conceptual structures in ontologies is strongly related to
so that the domain experts can understand, edit and evalumodern object-oriented methodologies and languages such
ate the knowledge. This is especially important in safety- as UML [3] and its associated formal constraint language
critical decision-support systems, which rely on a traceable OCL [34]. Marrying SE and KE would allow to include

However, although being matters of spirited discussion



industrial tools, programming languages and modeling ex- Most of the ontology representation languages that have
pertise into KBS development. been proposed in the literature, are based on either KL-ONE

In this spirit, we propose a SE framework for the de- [5] or KIF [11]. The very popular frame-based [15] ontol-
velopment of KBSs, the central idea of which is that ab- ogy representation scheme contains the following modeling
stract knowledge models can (and should) be embeddedrimitives (cf. [21]):
into the software architecture both on design and imple-
mentation levels. In our approach, ontologies are modeled e Classesepresent the concepts, arranged in an inheri-
using UML and automatically transformed into structure- tance hierarchy.
preserving Java classes. Object-oriented reflection [10] is
used to extract the high-level view of the ontology from  ®
the application at run-time. The resulting metadata is used
to employ generic components for knowledge acquisition,
consistency checking, schema translation and knowledge
sharing. In support of our method, we have developed tools
which have shown to be useful in a number of projects.

The following section discusses state-of-the-art KE ap-
proaches and their limitations. Section 3 gives an overview
of our approach. Details on ontology design and implemen-
tation with UML and Java are provided in section 4. Sec- o |nstancegepresent specific entities from the KB.
tion 5 presents tool support for knowledge acquisition and
rapid prototyping. Our framework is applied to some case  Ontology languages allow to represent classes of con-
studies in section 6. Finally, we discuss benefits and short-cepts and their relationships in terms of expressions in for-

Slotsrepresent the attributes of the classes. Possible
slot types are primitive types (integer, string, boolean),

references to other objects (modeling relationships)
and sets of values of these types.

e Facetscontain meta-information on slots, such as com-
ments, constraints and default values. Constraints are
especially important, as they indicate semantic rela-
tionships between the ontology concepts.

comings of our approach and make some conclusions.  ma| logic. Once providing formal semantics this way, they
support certain types of inference, such as subsumption, co-
2. Knowledge Engineering and Ontologies herence, identity, compatibility and common specialization,

which can help knowledge engineers in the construction of

First-generation expert systems, which tried to capture consistent knowledge bases (cf. [7]).
various types of knowledge uniformly in sets of rules, failed
to produce consistent and reusable knowledge bases. Sim2.2. Knowledge Engineering methodologies
ilar to research in SE, which has turned the art of ad hoc
programming approaches into systematic design processes, One of the most influential KE methodologies is Com-
the field of KE aims at supporting KBS development with monKADS [27]. Its main contribution is the architecture of
clean-room modeling techniques and well-defined formal the Model of Expertisewhich represents knowledge on do-
knowledge representation languages. This section will dis-main level, inference level and task level. The domain layer
cuss modern KE approaches and their underlying conceptsef this model is built around a domain ontology, whereas in-

ference knowledge is captured in PSMs. The resulting mod-
2.1. Ontologies and Problem-Solving Methods els can be described using CML, a semi-formal, graphical
notation, which is part of the CommonKADS framework.

Central notions of all KE methodologies are ontologies Although methods such as CommonKADS produced valu-
and problem-solving methods (PSMs). In the context of this able insights on a theoretical level, their use in industrial
paper, we define aontology[33] as a shared specification projects is aggravated by the lack of tools and commercial
of the objects and concepts that are assumed to exist in asupport. As pointed out in [2], a major problem is missing
domain of interest and the relationships and semantic con-support for thdransitionsbetween the abstract models and
straints between them. The goals of building ontologies area high-quality implementation.
to make knowledge explicit and reusable and to facilitate the  The Proégeé [20] project aims at developing a tool set
communication between experts and the knowledge engi-and methodology for the construction of domain specific
neers during KBS development. PSMs capture knowledgeknowledge-acquisition tools and KBSs from reusable com-
about inference and reasoning behavior and enable the reusgonents. In Pr&gg, ontology concepts are represented in a
and better understanding of strategic knowledge for differ- frame-based fashion by means of classes with slots of types
ent applications [28]. PSMs use task and method ontologiessuch astring ,int andboolean to store attribute val-
to specify the concepts and data types involved. PSMs carues and relationships. The specific entities from the knowl-
be used for a given domain by mapping the domain ontol- edge bases are stored as instances of these classes. The most
ogy onto the method ontology [23]. recent version of Prétg [12], written in Java, provides a



class editor, a layout editor for configuring the user inter-
face for knowledge acquisition, and a layout interpreter to
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in SE. Especially, the languages require a strong back- ; i T*|Knowledge Solving
ground in formal specification and are therefore unsuitable “gomease P oteds

for knowledge modeling by domain experts without com-
fortable tools. Apart from that, it is questionable whether
the full scope of inference capabilities provided by those ~ Figure 1. Overview of the development pro-
languages is necessarily needed [7]. cess for knowledge-based systems pre-
Second, interactions between the resulting knowledge ~Sentéd in this paper. Starting with require-
modules and the remaining components, such as the user in- Ments and informal knowledge sources, do-
terface and inference algorithms, are difficult to implement, Main experts and engineers collaborate in
Either the knowledge models have to be re-implemented in e construction of shared domain ontology
the target programming language, or an additional layer of ~ classes, which connect an abstract knowl-
programming constructs has to be used to mediate between €d9€ model to the remaining software archi-
the different parts, like in Prétg. We used Prégg during tecture.
the development of a Java-based KBS project which ana-
lyzes patient data in real-time to detect critical incidents in
anesthesia [18]. The system mainly consists of a medical As pointed out in the introduction, KBS development re-
domain ontology and a generic PSM for process monitor- quires the close collaboration between domain experts and
ing, which has its own PSM ontology. We found Figé  software engineers. The upper part of figure 1 shows the
useful for conceptual modeling and knowledge acquisition, process phases performed by the engineers, i.e. require-
but had severe problems when we tried to link the domain ments analysis, design and implementation, followed by
ontology with other modules, such as those responsible forprototype evaluation in a feedback loop. We will not go
collecting and displaying patient data. Especially, we were into details on these phases, as they correspond to the pro-
missing support for linking the ontology concepts to the cesses propagated by standard methods such as Fusion [6]
PSM algorithms. We argue that this loose coupling betweenand the Rational Unified Process [13].
knowledge models and the overall software architecture and The steps performed by the domain experts are indicated
process is a major weakness of current KE approaches.  in the lower part of the figure. Their tasks are to define
To re-iterate, the KE community has provided valuable system requirements, to provide and formalize knowledge,
contributions on conceptual knowledge modeling, but the and to test the resulting prototypes. Requirements analy-
applicability of the current KE methodologies is aggravated sis includes the collection of available knowledge sources,
by its weak amalgamation with industrial SE technology.  such as text books and expert interviews. The knowledge
available from these repositories can be condensed into in-
formal knowledge protocols, such as annotated hypertext
documents, which record factual knowledge as well as de-
sign decisions. KE models and methods, like structured in-
Our approach for developing KBSs is based on the terviews, can be employed for their development.
object-oriented SE paradigm, which is supported by indus-  Based on this informal and weakly structured knowledge
trial standard methodologies, languages and tools. Our in-representation, the experts’ task in the design phase is to
tention is to show that this technology provides a suitable construct a domain ontology and an associated knowledge
platform for integrating KE concepts (especially ontolo- base. Since domain experts usually have a rather informal
gies). Since the basic object-oriented concepts are intendedomain view and little experience in conceptual modeling,
for any type of system, we propose appropriate extensionsthey are supported by a knowledge engineer in this activ-
for KBS development. An overview of the steps involved ity. Various methodologies for domain ontology construc-
in the development process and some of the main modelingtion have been proposed [19], but related approaches from
artifacts is presented in figure 1. SE and Entity-Relationship-Modeling are also applicable.

3. A Software Engineering process for KBSs



As a model representation and exchange language, the
Unified Modeling Language (UML) [3] has been accepted | om0 A e )
as the standard formalism for object-oriented design and |[__ concepts - M Classes |
is widely supported by industrial development tools. The |SlotsRefationships]je--------n[__ Atibutes |
following section will provide details on the application [_constrains_Jfe----- ~{LocLConstraints |
of UML for ontology modeling and will show that the re- IS 1 I

sulting ontology concepts can be automatically transformed
into structure-preserving classes in an object-oriented lan-  Figure 2. The conceptual view of an ontology

guage such as Java. These ontology classes, together with gndits representation with UML class models
the remaining classes for user interface, PSMs and other and in an object-oriented language such as

fUnCtionS, Constitute the resulting KBS prototype. The Java. Since the formats share a common set
knowledge-base of a prototype consists of (Java-) instances, of modeling primitives, the ontology’s struc-
which can be visualized and edited by domain experts with  tyre is preserved “round-trip” throughout the
a knowledge-acquisition tool, as described in section 5.  development life-cycle.

This tool is used to adapt the system to changes inspired

by prototype evaluation.

To sum up, the focal point of our method is the object- 4.1. Ontology design with UML
oriented ontology model, which is used and edited by
both engineers and domain experts and which merges

knowledge-based concepts with executable software. In thetypes, such as use cases, interaction diagrams and class di-

EEOWITE’ éve Wlllhfocug on the dKingOpmeEt of orét?loglesl. agrams. Class diagrams mainly consist of boxes, display-
methods such as L.ommon can be used for ana y'ing classes, their attributes and their methods. Connec-

sis activities and also for PSM design, which is not covered tions between the boxes indicate relationships such as in-

in this document. heritance and association. In UML diagrams, the latter type
of relationship can be annotated with multiplicity indica-
tors, which constrain the minimum and maximum numbers
of related entities. UML allows to attach annotations to di-
agram elements. These annotations may be comments on
design decisions, but can also indicate constraints, which
can be informal text or expressions written in the Object
We argue that in order to embed ontologies into the Constraint Language OCL [34]. The intention of this lan-
software architecture, the classes representing the ontolog@uage is to facilitate the specification of model properties
should be defined on the same meta-level as the remainin a formal, yet comprehensible way. OCL expressions can
ing classes for user interface and so on. Otherwise, addi-2lso be used to express the constraints imposed by the mul-
tional programming constructs are required to build up an tIpIICItles of r9|ati0n5hips. UML diagrams can be stored and
intermediate layer between ontology and the other modules distributed in the XMl [22] format.
However, since ad hoc approaches for designing ontologies The left half of figure 2 shows the reflection of an ab-
as object-oriented classes lead to an inseparable mixture oftract ontology view in a UML class model.
knowledge-models and implementation details, a structure-

preserving and reversible transition from ontologies to class ® €onceptsrom the ontology are represented as UML
models is required. classes. These classes can be extended by additional

) ) ) members, which are not part of the ontology view. For

guage and back. Thus, changes on the model are instantly  ¢jasses can be directly related to the algorithms imple-
reflected in the source code, and the abstract models are  menting the reasoning behavior.

updated after code modifications. RTE technology elimi-
nates the need for manual transformations, and thus sup- e Slots(and if applicable their default values) are mod-

UML provides graphical notations for various diagram

4. Round-trip engineering of ontologies

ports rapid prototyping and improves traceability of require- eled as attributes of these classes. Slots that repre-
ments. RTE is supported by modern UML-based CASE sent relationships should be modeled by correspond-
tools, such as Together/J [32]. In this section, we apply this ing UML relationships. In order to support the re-
technology to ontology development and integration into extraction of the abstract ontology view from such

the KBS architecture. classes, the attributes representing ontology slots are



More difficult is the task of converting constraints and

Patient Symptom T . .
name: String[* +| name: String the multiplicities of relationships, as the UML does not pro-
age: int shows * vide guidelines for their implementation. Since multiplici-
ties can be expressed in terms of OCL expressions, we only
i X need to consider the transitions between OCL and an object-
T 3 Disease oriented Iapguage. As OCL exprgssions are not part of.the
e Smng* e | name: String programming languages, they either have to be compiled
{price >0} || price: long to source code, or interpreted at run-time. OCL compila-
tion can lead to better run-time performance compared to
interpretation, but limits the evaluation of constraints for
Figure 3. A small example ontology in UML. high-level operations and is not supported by current CASE
The expressions in curly brackets are OCL tools. Interpretation requires the programming language to
constraints associated to the classes. support generic access to class attributes — a feature pro-

vided by reflective languages such as Java (cf. the following
subsection). As we are using Java in our approach, we do
annotated in a predefined way (in our case as “proper-not directly represent the OCL constraints and multiplicities
ties” — details on this can be found in subsection 4.3). in the target programming language, but employ an OCL
This allows to distinguish between slots and imple- interpreter that is initialized with the original expressions
mentation details. It is possible to extract the set of ffomthe model. The constraints are imported from the XMl
ontology concepts from the whole class structure, by files and parsed into OCL expression trees when the system
starting with a known “root” ontology concept and Starts. These trees are then available for various types of
traversing the slot-representing attributes recursively. inference on ontologies. Thus, constraints support knowl-
edge acquisition by preventing the definition of inconsistent
o Constraintsare attached as OCL expressions to the knowledge bases. Section 5 provides details on this.
corresponding attributes and classes. Because structural operations such as ontology con-
straint checking and knowledge acquisition need access
to metadata on the ontology, the implementing language
has to enable access to such meta-information at run-time.
The following section will show that object-orientesflec-
tion [10] is the key technology for that purpose.

¢ Instancesfrom the knowledge base could be repre-
sented in UML class diagrams. However, current
CASE tools provide little support for instances and the
diagrams are prone to becoming unintelligible as the
number of objects grows. A special-purpose knowl-
edge acquisition tool, like the one presented later, is . . .
more suitable here. However, the option of putting in- 4-3- Ontology implementation with JavaBeans
stances into UML diagrams and the resulting XMl files
simplifies knowledge base storage and exchange. For the implementation of ontologies, we chose Java, al-
though many of the concepts being presented are also ap-
Figure 3 shows an example ontology on medical con- plicable for similar platforms. A main benefit of Java, com-

cepts in UML notation. pared to other main-stream programming languages such as
C++, is its good support for reflection. Reflective programs
4.2. Ontology implementation from UML models can reason about their own structure at run-time. They are

able to analyze the available classes, their attributes and

In order to enable the smooth transition between the on-their methods and use this structural metadata to access and
tology design in UML and the underlying programming lan- invoke class members on a generic level. In the context
guage, we now define a mapping between UML class mod-of our KBS development framework, reflective features are
els and object-oriented concepts, as indicated in the rightused to implement generic functionality on ontologies, such
part of figure 2. In general, UML has some shortcomings as knowledge visualization, consistency checking, schema
coping with RTE [9], because some details on the dynamic translation and knowledge sharing.
behavior of code can not be adequately represented in UML. Java includes classes such @mss , Method and
However, these limitations do not concern the static ontol- Field , which can be used to retrieve information on the
ogy models. Itis straight forward to translate UML classes, structure of run-time objects. ThéavaBeansAPI [29],
attributes, relationships and instances to according objectwhich is backed by this reflection mechanism, was initially
oriented concepts. This feature, as well as the reverse endeveloped to support the development of sharable compo-
gineering of code into UML diagrams is an integral part of nents with well-defined interfaces. The JavaBeans design-
standard CASE tools. ers mainly aimed at visual programming with components



such as buttons and dialogs, which can be easily config-4.4. Ontology exchange and mapping
ured by builder tools. The API specifies how a JavaBeans

class exposes its features, so that tools can analyze and qpioiagies represented in UML and Java are sharable
present them. For each _f'eld' which is to be published on various levels. First, the ontology implementing Java

(called ap“?pe”% only suitableget .and set methods . classes can be reused, although some implementation as-
must be written. JavaBeans properties can be of any prim-,o.s might have to be removed, as they are custom-tailored

itive type, such asnt , double or boolean , orrefer- ¢, o specific application. Therefore, exchange of the on-
ences to objects. Properties are eitsiagleor indexed In- tology on UML level is much more promising. Sharing

dexed properties represent arrays of the above types. Probg¢ ymL models also allows to map an ontology to differ-
erties are said to beound if they deliver aProperty- ent languages and implementations, so that communicating

ChangeEvent after their value has changed. Bound prop- »qants can have the same ontology interface, but different
erties are simply implemented by adding an event dispatch-j,. implementations. Due to the common core of frame-

ing call to the end of theet method. based languages, it is also possible to define mappings be-
Another feature of JavaBeans classes is support for vi-tween other popular ontology representation languages and
sual editing tools. For each property of a class, it is possiblethus to include existing KE technology into the process.
to specify aPropertyEditor ~ component, which graph- The knowledge-bases, consisting of a network of in-
ically presents the property value in a human readable form.stances, can be stored either in XMI, in Java’s own Java-
Thus, for example, sliders can be used to enter per cent valgeans archive format [31] based on XML or using a map-
ues. Java uses reflection to extract metadata, such as thﬁing between JavaBeans and relational databases, such as
available properties and their types. Thus it allows to write i the JavaBlend technology [30]. Since XML is being dis-
code for property access when only the name of the prop-cyssed as a promising candidate for describing data and
erty is given as a String. metadata of information repositories such as the internet,
Due to the obvious similarities between JavaBeans prop-our approach is therefore compatible to the most important
erties and ontology slots, the JavaBeans API lays the foun-industrial standards.
dation for mapping ontologies to the implementation. XML also provides the schema translation language
XSL-T [35], which can be used to describe structural map-
pings between XML documents. This language could be
used to implement ontology sharing and translation by ap-
plying schema transformation rules defined in XSL-T to on-
tology instances that were temporarily converted to XML
¢ Slots/ attributes are stored as JavaBeans propertiesdocuments. Thus, for example, domain ontologies can be
In support of ontology visualization and editing, we transformed to method ontologies, and knowledge can be
declare all properties to be bound, so that events arecommunicated in a multi-agent setting. An alternative ap-
dispatched on modifications. Using JavaBeans proper-proach to mapping ontologies based on generic mapping
ties instead of simple attributes for the implementation classes and reflection has been described by the authors in
allows to distinguish between attributes implement- a previous paper [17].
ing ontology slots and those representing implemen-
tation aspects. The CASE and development tools we
tested provided specialized support for editing Java- 5. Tool support
Beans properties comfortably.

e Conceptsand the corresponding UML classes are rep-
resented by one JavaBeans class each.

Ontology design and the design of the remaining project
« Constraintsare not implemented as Java code, but classes can be performed using off-the-shelf CASE tools. A

parsed to OCL expression trees that use reflection toProblemis that CASE tools —and UML — prowde.too many
access the slot values of the specified objects. As longf€atures, that are not needed for ontology design. Thus,
as RTE of OCL expressions is not supported by CASE the_se tools are best applied if knowledge engineers and do-
tools, own conventions have to be introduced to make Main €xperts make ontology changes together. rEfe
constraints available to Java objects. The easiest wayllV€ intéraction hypothesige6] states that some kind of de-
is to leave them in the XMI files, so that the UML di- pendency exists between the structure of domain knowledge
agrams are the only artifacts where constraints have to?nd the types of tasks it is applied to. Therefore, ontology
be edited. design is anyway typically accomplished in a combination
of the domain and engineering points of view and changes
in the ontology require changes in algorithms, mapping
e Instancesare mapped to JavaBeans objects. rules or other modules from the system.



- * 6. Case studies
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gl . - L] We have based various academic and industrial KBS
- projects on our methodology. One project [18] aimed at the
development of a clinical information system, which ana-
lyzes incoming patient data (e.g. blood pressure) to detect
critical incidents during anesthesia. A knowledge engineer
and some domain experts collaborated in the specification
of a medical domain ontology, which had to be redesigned
various times until a suitable KB could be entered. For that
purpose, we extended the generic knowledge acquisition
shell described above by components that simulate patient
data. Next, we developed a generic PSM for monitoring

: data streams. In order to map the domain ontology to the
PSM ontology, we added map method to each ontology

Figure 4. A knowledge acquisition tool for an class, which delivers PSM ontology instances for domain
anesthesia information system, based on a instances (In this project, there was no XSL-T support for
generic JavaBeans editor. The knowledge Java available yet). The graph view in figure 4 shows some
base is displayed as a tree (left part). The cur- of the instances used by the PSM. In order to visualize the
rently violated constraints are shown in the internal processes and computational states of this PSM, we
bottom window. The graph shows instances added special windows to the knowledge editor, displaying
from a PSM for process monitoring. the streams of patient data and their impact on the infer-

ence mechanisms. Parallel to the construction of the KB,
software developers implemented the graphical user inter-
face and other modules that access the ontology classes, for
In contrast to structural ontology changes, editing and example to feed them with patient data. Therefore, both on-
maintaining the knowledge base instances can usually beology designers and software engineers modified the same
performed by domain experts alone. We have developedclasses, although on different levels of abstraction.
an extensible knowledge acquisition shell for Java-based In another case study, we use our method to develop a
projects (figure 4). The shell can be appliedatyy Java-  knowledge-based process construction kit for the capture
Beans data structure, because it uses reflection to retrieveind dissemination of process know- how [25]. The require-
metadata on the available classes. It can be used to visualizenents for this system are drawn from the domains of auto-
and edit the instances from the knowledge base as a tree, asiotive engineering and plant construction. One task of the
a graph, or by means of fill-in forms. After each modifica- system is to derive generic process design rules by eval-
tion, the constraints are tested and violations are displayediating typical construction sequences in the context of a
in an extra window. A mouse click on the constraint moves given process. Since the task of observing a process de-
the cursor to the respective instance or slot. signer during his construction task is related to monitoring

Due to its open architecture, the shell provides a flexible & patient in a clinical setting, we were able to re-use many
foundation for special-purpose knowledge acquisition tools. concepts from the ontology of the anesthesia information
If a special property editor is defined for a JavaBeans classSystem. Next, we extended the generic graph editor from
it is automatically used instead of the generic component.our workbench, and managed to provide a prototypical pro-
Custom windows, for example to display internal PSM rea- cess editor within a few hours of programming.
soning processes, can also be included. Because the run-
time Java objects representing the ontology are identical to7, Discussion
the ontology concepts at design-time, it is possible to invoke

the knowledge editor while the KBS is running. The goal of this paper was to show that combining KE
In support of a smooth transition between the abstractand SE methodologies is feasible and of great promise. We
knowledge models and the instances from the knowledgewill now discuss some of the expected benefits, assumptions
base, the tool has features to link parts of the knowledgeand limitations of our approach.
base with knowledge protocols and requirements specifica- The method for KBS development presented in this pa-
tions, such as the hypertext documents written during theper is very application-oriented by relying on standard tools,
analysis phase of the development process. Thus it is easielanguages and guidelines. As standards such as UML, XML
to trace or update requirements and design decisions. and Java are rapidly gaining importance both in industrial



and academic projects, so increases the potential of oumrexpectthe approach to be scalable for general industrial use.
framework. As a good example for tool interoperability, our Our approach is limited by a two assumptions, that may
approach is expected to work very well with the commercial reduce its applicability in some projects. First, the frame-
multi-agent construction tool AgentBuilder [24], the devel- work is optimized for object-oriented languages only, espe-
opers of which (independently) also decided to implement cjally those with reflective features. Second, we assume that
the agent ontologies as JavaBeans. therelative interaction hypothes[26] (as discussed in sec-

In the presented framework, ontologies are much closertion 5) holds, so that changes of the ontology structure are
embedded into the software architecture than in other KEbest made in a collaboration between domain experts and
approaches. This allows programmers to add fields and(knowledge) engineers. One reason for this is that current
methods for interactions between knowledge-based andCASE tools are very general and not optimized for knowl-
other modules. Also, the overhead of implementing inter- edge modeling, so that inexperienced domain experts would
mediate ontology access layers (such as Active Object Mod-be confused by the amount of available features.
els) is reduced. De Michelis et al. [8] argue that “reflective
systems have the potential to eliminate the need for meta .
languages and meta models to manage links between th&- Conclusion and future work
system and its models at higher levels of abstraction”. By

eliminating the need for intermediate layers by means ofre- |, this paper, we have presented a SE framework for

flection, the resulting systems also have a better run-timexggg. By embedding ontology construction into an object-
performance. A limitation of our modeling approach is that . iented development process, abstract knowledge models
it is restricted to features provided by the target program- 41 smoothly integrated into an executable system. Our
ming language. For example it is impossible to redefine g5 mework is based on RTE, maintaining meta-information
the meta-classes themselves, like it is possible indged® o, the ontology between design and implementation. Re-
comparison of the latter approach with our reflective mech- fection is used to extract this meta-information at run-time

anism can be found in [16]). so that generic components for various tasks on ontologies

Since UML models are automatically mapped to can be reused. We have provided evidence that UML is
structure-preserving constructs of the target programmingindeed a “universal” modeling language, in so far that its
language, design and implementation artifacts are compamodeling primitives are suitable for knowledge representa-
rable. This allows very smooth transitions between the tion. The main difference between standard object-oriented
various models. The transitions between design and im-SE methodologies and the KBSs development process is the
plementation model are fully reversible, by applying RTE addition of explicit knowledge acquisition activities, which
technology. This technology rapidly produces prototypes result in a network of objects or instances. The fundamental
which can help development teams to better understand thejifference to standard KE technology is that we do not only
requirements and to test the knowledge bases. As rGQUireTegard KBS deve|opment as a know|edge mode]ing activ-
ments tracing from the initial knowledge models is a ma- jty, but as a software construction process, with knowledge
jOf concern in KBS development, our approach reduces themode|s as one type of Components among others. The ex-
number of errors resulting from manual transitions. With cellent support for prototyping and the use of reflection can
RTE, developers can adapt the system quickly either onpe regarded as the main innovations of our approach.

model or code level, with no need to run through various A dedicated strength of our approach is the integration

design models. Thus, the approach supports both cleanyt common standards, instead of designing proprietary rep-
room SE methods and light-weight methodologies such asigsentations. This brings us in the position to reuse a broad

Extreme Programming [1], the paradigm of which is that \ariety of SE techniques and in particular user interfaces
source code should be produced early and refined latery, g\,ch standards. Yet, additional efforts are needed to de-
when the requirements have become more stable. velop custom-tailored tools and more intuitive, easy-to-use

Finally, we have shown that the reflection-based imple- interfaces for use by domain experts. One goal of our future
mentation technique enables the reuse of generic compowork is to provide a custom-tailored alternative to standard
nents, such as JavaBeans editors, constraint checkers andML CASE tools for ontology modeling. We are currently
schema translators. building such an ontology editor based on our JavaBeans

According to our experience in case studies, these ben-editor. This tool allows to edit instances of a meta-ontology,
efits lead to considerable cost and time savings. The caseontaining concepts such as classes, slots and constraints.
studies suggest that the framework is functional for small to With this tool, domain experts can easily define their on-
medium-sized projects. However, more feedback from in- tologies and export them to UML in XMI files, which are
dependent sources is required to fully evaluate the conceptsthen used by CASE tools to generate and update the ontol-
Since SE technology is well-prepared for large projects, we ogy Java classes automatically.
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