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In spite of their industrial success, the development of intelligent systems is still a complex and risky task. When building
intelligent systems, we see that domain knowledge is often present at different levels of formalization—ranging from text
documents to explicit rules. In this paper, we describe the knowledge formalization continuum as a metaphor to help
domain specialists during the knowledge acquisition phase. To make use of the knowledge formalization continuum, the
agile use of knowledge representations within a knowledge engineering project is proposed, as well as transitions between
the different representations, when required. We show that a semantic wiki is a flexible tool for engineering knowledge on
the knowledge formalization continuum. Case studies are taken from one industrial and one academic project, and they
illustrate the applicability and benefits of semantic wikis in combination with the knowledge formalization continuum.
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1. Introduction

Intelligent systems, especially knowledge-based solu-
tions, are successfully implemented in today’s enterprises.
We experience the application of intelligent systems in
different “flavors”, ranging from (semantically) enriched
information systems to sophisticated model-based expert
systems. Consequently, the knowledge embodied in these
different types of systems differs strongly from natural
language text to explicit knowledge in the form of rules
or models.

Although such systems proved their applicability and
benefits in many domains, the engineering and mainte-
nance of the underlying knowledge bases is still a com-
plex and costly task. In this work, we introduce the knowl-
edge formalization continuum as a conceptual metaphor
that gives domain specialists a flexible mental model of
the knowledge that is planned to be formalized. The
knowledge formalization continuum emphasizes that us-
able knowledge ranges from very informal representations
(such as text and images) to very explicit representations
(such as logic formulae or consistency-based models).
The metaphor frees specialists and engineers to commit
to a particular degree of knowledge formalization at an
early stage of the development project but offers a versa-
tile understanding of the formalization process. Further-

more, we clam that a semantic wiki (Schaffert ef al., 2008)
is an appropriate workbench for the development of intel-
ligent systems using the knowledge formalization contin-
uum, since it supports the creation and evolution of knowl-
edge in various facets and thus supports the idea of the
knowledge formalization continuum.

The rest of the paper is organized as follows. In
Section 2] we introduce the concept of the knowledge
formalization continuum in greater detail. We explain
possible representations on the knowledge formalization
continuum and we present methods that facilitate tran-
sitions between the representations. We further present
the KnowWE semantic wiki in Section [3land we discuss
its application within the knowledge formalization con-
tinuum. A number of examples and case studies using the
continuum are reported in Section[d] and we conclude the
paper in Section[3]

2. Knowledge formalization continuum

In general, a continuum describes a “continuous sequence
in which adjacent elements are not perceptibly differ-
ent from each other, but the extremes are quite dis-
tinct” (Oxford English Dictionary of Current English,
2008).

We interpret this definition of a continuum in the
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Fig. 1. Possible knowledge representations of the knowledge formalization continuum.

context of knowledge representations as follows. The
same domain knowledge can be displayed in various types
of knowledge representations, where adjacent representa-
tions are similar to each other—for example, tabular data
and XML, but more extreme representations are quite dis-
tinct, for instance, text vs. logic rules. In such a knowl-
edge formalization continuum, gradual transitions on for-
malization degrees of the same knowledge are possible,
but the knowledge to be modelled experiences no abrupt
changes or “discontinuities”. Albeit we interpret the con-
tinuum as a mental concept of alternative knowledge rep-
resentations, it is important to notice that the represented
domain knowledge remains the same. The knowledge
formalization continuum also emphasizes that knowledge
undergoes an ongoing, continuous development where
changes can also imply a modification of the representa-
tion.

We note that the knowledge formalization continuum
is neither a physical model nor a methodology for de-
veloping knowledge bases. It should rather be seen as
a metaphor of the knowledge development process. It
helps domain specialists to see even plain data, such as
text and multimedia, as first-class knowledge that can be
transformed by gradual transitions to more formal repre-
sentations when required. On the one hand, data given by
textual documents denote one of the lowest possibilities
of formalization. On the other, functional models store
knowledge at a very formal level.

Figure [ illustrates different knowledge representa-
tions possible within the knowledge formalization contin-
uum. This enumeration of representations is certainly not
intended to be exhaustive, neither is, the depicted order of
representations between data and knowledge meant to be
explicit. In fact, it appears difficult/impossible to define
the total order of the representations in a general manner.
The depicted order was motivated by the level of possible
expressiveness with respect to the reasoning power of sys-

tems built using the particular representation. For exam-
ple, text can be used for a standard keyword-based search
and retrieval, whereas semantically annotated text allows
semantic queries and navigation. At the right end, knowl-
edge based on rules supports even more complex reason-
ing capabilities.

Every level of formalization has its own advantages
and drawbacks. For example, textual knowledge can be
easily elicited and often is already available in the domain.
No prior knowledge with respect to tools or knowledge
representation is necessary. However, automated reason-
ing using textual knowledge is not possible with current
state-of-the-art methods, and knowledge can be retrieved
only by using string-based matching methods, but not by
applying semantic queries. Logic rules or models are well
suited for automated reasoning, and queries can be pro-
cessed at the semantic level. In contrast to textual knowl-
edge, the acquisition of rules and models is typically a
complex and time-consuming task. Authors need prior
training before effectively building knowledge bases at the
explicit level with respect to knowledge engineering prin-
ciples as well as tools that support such knowledge mod-
eling. For a given knowledge base, which is formalized
using a particular knowledge representation, there often
exist semantically equivalent transitions (indicated by the
second axis in Fig.[I). For example, a fault model based
on set-covering models can be often also represented by
a rule base which in turn may be modelled by a special
purpose logic dialect. Knowledge is often brought to a
semantically equivalent representation in order to enable
extensions by additional domain knowledge. For exam-
ple, a knowledge base represented by fault models can be
transitioned to a rule base in order to allow a fine-grained
definition of conditioning findings for a target concept.

Between the two extremes (text vs. logic) there exists
a wide range of formats representing knowledge at differ-
ent degrees of formalization. Any degree can be the most
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useful representation for a specific application project.

For a given project, it is a difficult but important task
to select the most appropriate formalization level as the
target representation. Since knowledge (or its fragments)
is often is already available in textual or tabular form,
the development process focuses on bringing the existing
forms to an appropriate level. Although it typically be-
comes necessary to fill in missing parts of knowledge, its
original nature remains. Thus, moving to a more formal
representation can require a more explicit description of
knowledge and can enrich the resulting knowledge with
additional semantics made explicit. It is worth noticing
that every transition is a distinct operation that modifies
the knowledge representation. However, the mental model
of knowledge remains basically the same.

2.1. Transitions on the knowledge formalization con-
tinnum. Transitions between different levels of formal-
ization, for example, from text to cases, can be done a
manual and sometimes in a semi-automated way. Tran-
sitions from explicit knowledge to less explicit levels of
knowledge are supported by the following methods:

e natural language generation techniques (Reiter and
Dale, 2000),

e visualization techniques (Geroimenko and Chen,
2006; Zacharias, 2007; Card, 2003; Baumeister and
Freiberg, 2010),

e knowledge explanation methods (Roth-Berghofer,
2004).

The direction of transition into a less formal knowledge
representation is required, for example, to review/evaluate
the developed knowledge bases. Here, less formal but pre-
cise visualizations of the knowledge base help to under-
stand the semantics of the implemented knowledge.

A typical direction in knowledge engineering
projects is the transition of hardly structured/unstructured
data into a more explicit representation; here, the follow-
ing disciplines propose useful methods:

o Text mining, ontology learning, and natural language
processing in general for machine—enabled extrac-
tion of concepts from texts, their taxonomic order-
ing, and the discovery of basic relations between
concepts found (e.g., Dale et al., 2000; Buitelaar
et al., 2005; Feldman and Sanger, 2006).

e Controlled languages to automatically interpret a re-
stricted subset of natural language text as logic for-
mulae, (Fuchs et al., 2008).

e Templates/forms to enter knowledge on a basic level
by using as much natural language as possible.

e Refactoring methods to support manual changes ex-
plicit knowledge without changing the intended se-
mantics (e.g., Gil and Tallis, 1997; Baumeister et al.,
2004; Reutelshoefer et al., 2009). They are often
used to accomplish vertical transitions to a seman-
tically equivalent version within the same knowl-
edge representation, but are also helpful to restruc-
ture knowledge to a less/more formalized level.

e Manual knowledge elicitation methods, which are
applied when it is not reasonable or tractable to use
(semi-)automated methods as those sketched above.

In an example application project we can imagine to
have knowledge already available contained in a textual
form such as MS Word documents and semi-structured
MS Excel sheets. By using ontology learning methods we
are able to extract relevant ontological concepts and ba-
sic relations afterwards. Accordingly, strongly formalized
models are (manually) defined to formulate enhanced rela-
tions between the concepts. The initial textual knowledge
is still available, but now annotated by the added forms of
formalized knowledge.

In the future, we envision that the methods men-
tioned above will work perfectly together to build and
evolve knowledge bases. Most state-of-the-art methods,
however, are currently only capable of providing a seed
for knowledge base development that requires manual
knowledge refinement and formalization.

2.2. Implications. The knowledge formalization con-
tinuum embraces the fact that knowledge is usually rep-
resented at varying levels of formality. The continuum
supports the entrance of the knowledge engineering pro-
cess at an arbitrary level of formality and offers possible
transitions of knowledge to a level where its cost/benefit
principle (Lidwell et al., 2003, p. 56) is (in the best case)
optimal. In typical projects, prior knowledge of the do-
main is already at hand, often in the form of text docu-
ments, spreadsheets, flow-charts, and data bases. These
documents build the foundational reference of the clas-
sic knowledge engineering process, where a knowledge
engineer models domain knowledge based on these docu-
ments. The actual utility and applicability of knowledge
usually depends on a particular instance.

The knowledge formalization continuum does not
postulate the transformation of the entire collection into
a knowledge base at a specific degree but the performance
of transitions on parts of the collection when it is possi-
ble and appropriate. This takes into account the fact that
sometimes not all parts of a domain can be formalized
at a specific level or that the formalization of the whole
domain knowledge would be too complex, considering
costs and risks. In consequence, a system working on the
knowledge formalization continuum is required to support
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the knowledge engineering process at different levels of
formalization. It also should be able to support the knowl-
edge sharing process, i.e., its actual usage, at varying for-
malization levels.

Following the cost/benefit principle there is a need
for a possibility to transform parts of knowledge to a level
of formalization where the (knowledge engineering) costs
are minimized and the benefits of using the system are
maximized. Therefore, the knowledge formalization con-
tinuum not only needs to support the transitions of partic-
ular parts of knowledge but also should be able to keep
references between the less and more formalized parts of
the entire knowledge collection.

2.3. Related approaches. The presented concept of
the knowledge formalization continuum is referenced in
the literature in a more general context. Uschold and
Gruninger (2004) discuss different kinds of ontologies
ranging from terms to general logic. They also name this
spectrum of possible representations a continuum but do
not propose transitions between the particular kinds, nor
propose to use them jointly when developing intelligent
systems. Similarly, McGuinness (2003) introduces the
ontology spectrum but concentrates on the expressiveness
of ontology languages. Gruber (2008) also correlates the
formalization degree of data with the depth of inference,
and he discusses the “value/cost” trade-off of the captured
knowledge. He puts the matrix of the formalization de-
gree and the development costs in the context of Social
Semantic Web applications.

Further, Schaffert er al. (2006) distinguish between
the model scope, model acceptance and the level of ex-
pressiveness, where the latter defines a subspace of the
presented knowledge formalization continuum. The level
of expressiveness ranges from light-weight ontologies,
with term lists as the least expressive representative, to
heavy-weight ontologies with very-expressive constraints
as the most expressive one. Whereas functional models
and logic programs can be interpreted as “very-expressive
constraints” in some ways, the knowledge formalization
continuum also considers textual documents as less ex-
pressive occurrences of knowledge apart from term lists.
Millard et al. (2005) describe an approach that investi-
gates the formality of documents of hypertext systems. A
vector-based model of the formality of semantics of these
documents is given. Their scale defines a subset of the
presented continuum ranging from plain text to RDF data,
which is sufficient in the context of the domain consid-
ered.

In the context of the CommonKADS methodology,
Schreiber et al. (2001) describe a matrix of knowledge for-
malizations for knowledge elicitation techniques. Here,
the matrix correlates tacit and explicit knowledge with
concept knowledge and process knowledge. In this way,
the process of knowledge development is explicitly con-

sidered. However, the matrix does not take into account
transitions between the particular elements.

3. Engineering the knowledge formalization
continuum with semantic wikis

In the previous section, we introduced the ideas of the
knowledge formalization continuum and stated that multi-
ple knowledge representations have to be considered dur-
ing the development of a knowledge base. In this sec-
tion, we first describe the concept of semantic wikis, and
we show how such systems are used as knowledge engi-
neering tools. Consequently, we demonstrate the use of
semantic wikis for developing knowledge systems within
the knowledge formalization continuum.

3.1. Knowledge engineering with semantic wikis. In
recent years, the advent and success of Web 2.0 appli-
cations, such as wikis, blogs, and social networks, has
changed the way people use the Internet. When com-
pared with traditional web sites, Web 2.0 applications ex-
plicitly involve users as primary contributors to the sys-
tem. Thus, the value of particular systems usually grows
with the increasing contribution of users. Not only pri-
vate life, but also daily business is influenced by the suc-
cess of Web 2.0 approaches. One prominent example is
the wide-spread use of wikis as flexible knowledge man-
agement tools, both in personal life and business environ-
ments. The content of a wiki can be created and modified
by clicking an (often mandatory) edit button located on the
web page. Due to the simple markup (less verbose than
HTML), users can easily author web pages. Wikipedia
is certainly the most popular example of wiki systems,
where informal world knowledge is created and updated
by a wiki.

In spite of their success, standard wiki systems show
limitations, especially when using and sharing the knowl-
edge included. Usually, only a full-text search is possi-
ble for knowledge retrieval, and knowledge across dif-
ferent wiki pages cannot be aggregated to a unified re-
sult. This issue motivated the development of semantic
wikis that extend standard wikis by an explicit ontologi-
cal layer defined by semantic annotations of the wiki con-
tent. Thanks to semantic annotations, knowledge reuse
is improved by a semantic search and semantic naviga-
tion (Schaffert et al., 2008). At the same time, semantic
wikis successfully serve as ontology development tools,
that provide a simple, web-based interface to build seman-
tic applications. Current examples of semantic wiki im-
plementations are, for instance, IkeWiki (Schaffert, 2006),
KnowWE (Baumeister et al., 2010), MoKi (Ghidini
et al., 2009), PIWiki (Nalepa, 2009), Semantic Medi-
aWiki (Krotzsch et al., 2006), and SweetWiki (Buffa
et al., 2008).
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Fig. 2. KnowWE semantic wiki showing an article that describes the car fault clogged air filter by using multiple forms of knowledge:
(1) plain text, images, and (2) explicit rules. Knowledge can be used by (3) a simple text search and by (4) an interactive

knowledge-based interview.

The knowledge in a semantic wiki is typically orga-
nized as follows. Every concept of the ontology is rep-
resented by a wiki article, and the content of the article
informally describes the concept. Properties of the con-
cept are defined by explicit semantic annotations within
the article, where the annotations often link to other arti-
cles and concepts, respectively. In general, most semantic
wiki systems are capable of developing and maintaining
ontologies with the expressiveness of a subset of the ontol-
ogy language OWL (Antoniou and van Harmelen, 2003).

Figure [2] shows the KnowWE semantic wiki depict-
ing an example system for capturing knowledge about car
faults diagnosis. Each car fault (here clogged air filter) is
represented by a wiki article containing multiple knowl-
edge formalizations: using (1) plain text and images and
(2) explicit rules. The knowledge can be used by (3) a
simple text search interface and (4) an interactive inter-
view provided based on explicit knowledge.

In Fig. Bl we see the same wiki article in the edit
mode: here, we notice that special markup is used to in-
tegrate different kinds of knowledge into the page. It (1)
includes images depicting an air filter, (2) shows a seman-
tic annotation stating that clogged air filter is a subclass

of the concept TechnicalProblem. In (3), a block of rules
is defined that are used to derive the solution clogged air
filter in a given case.

Thus, a wiki article captures both informal and for-
mal sources of knowledge. During knowledge formaliza-
tion, the knowledge is typically distributed over the entire
wiki, i.e., the knowledge base is partitioned into logical
units and embedded in the corresponding wiki articles.
For the partitioning of knowledge, no prior restrictions
are defined and the actual organisation of the knowledge
base depends on the characteristics of the domain. For in-
stance, in many projects, partitioning with respect to solu-
tions is more appropriate, i.e., defining an article for each
solution, where problem-solving knowledge for this solu-
tion is also embedded. In other projects, an organization
among the cardinal symptoms of the domain may be more
appropriate.

Besides its flexible organization of knowledge,
KnowWE semantic wiki also provides the possibility to
define variants of the distributed knowledge base. When
specifying authoritative knowledge bases in the wiki, we
use the metaphor of masters and servants: alarge coherent
knowledge base—usually intended to be exported out of
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Fig. 3. Edit mode of the KnowWE semantic wiki: text, images, and formal knowledge can be edited using a simple markup.

the wiki—is defined on the basis of imports of knowledge
bases contained in other wiki articles. This master then in-
cludes all knowledge of the imported articles, i.e., the ser-
vants, and it can be interpreted as a single, testable knowl-
edge base. In this way, we are also able to define vari-
ants of knowledge bases by defining different masters im-
porting varying collections of wiki articles. Figure [] de-
picts an example of two masters of a wiki. On the whole,
the wiki shown contains four servant wiki articles with
knowledge bases, i.e., Article 1 to Article 4. Additionally,
the wiki page Article 5 defines the master knowledge base
Master 1 by including the knowledge bases from the ser-
vant articles 1, 2, and 3. The alternative master Master 2
defined on the page Article 6 only includes the knowledge
bases from the servant articles 3 and 4, and thus represents
a different view of the entire knowledge base.

3.2. Semantic wikis and the knowledge formalization
continuum. As we showed above, a semantic wiki of-
fers flexible ways to simply combine less formal forms of
knowledge (text, images) with more explicit knowledge
representations (rules, models, etc.). Less formal repre-
sentations of knowledge serve the development process in

many ways: (i) as a startup document at the beginning of a
project to informally collect knowledge about the domain,
(ii) as a documentation of knowledge engineering deci-
sions taken, (iii) as underlying tacit knowledge expressing
the informal counter-part, and (iv) as describing informa-
tion for concepts represented by the article. In practice,
the inclusion of less formal knowledge also improves the
overall maintainability of the distributed knowledge base.

In the following we demonstrate the use of a wiki
when building an example sports recommender system.
Here, the wiki collects articles about forms of sport and
also captures explicit knowledge that recommends an ap-
propriate form of sport for an entered user profile. The
example shows subsequent transitions within the knowl-
edge formalization continuum. Here, the knowledge al-
ready available in the continuum describes relevant facts
about the forms of sports, such as accomplished training
goals, costs, and medical restrictions. In subsequent steps
we drive the existing knowledge to more formalized tran-
sitions.

Initial filling. We start by filling the wiki with text and
multimedia (pictures and movies) describing the different
forms of sport, for example, Running, Swimming, and Cy-
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cling. It is reasonable that for every form of sports a wiki
page should be created, i.e., after the initial filling phase
there exist pages about running, swimming, and cycling.
Howeyver, also wiki articles about further domain facts ex-
ist, for instance, allergies or muscles. In general, it is rea-
sonable to set up one distinct wiki article for each dis-
tinct concept from the domain, thus following a common
paradigm of (semantic) wikis. For example, an excerpt of
an article about swimming is as follows:

...Swimming is the most common form of water
sports. In particular it is recommended for people
with back problems because it trains the back mus-
cles ... However, people with skin allergies should
avoid swimming. ...

At this point the wiki can be used as a simple and tra-
ditional information system specialized in sports, where
users can search and browse through the available content.

Annotating articles. We propose to annotate every wiki
article with its semantic concept, thus making it explicit
that a specific article is about a specific concept. For in-
stance, we annotate the article about swimming with the
concept Swimming. At this point, only a very general on-
tology of concepts is required to represent the domain con-
cepts already contained in the wiki. As a benefit of this
step, it becomes possible to offer a low-end version of the
semantic search and navigation, which will be more useful
when concepts are carefully structured in a hierarchy.

Annotation by properties. The next step tries to iden-
tify the typical features of every concept described in the
text available. These findings are then annotated as prop-
erties of the article’s concept. In the example above the
text about swimming would then transform as follows
(new/changed text is given in boldface):

...Swimming is the most common form of [has-
Finding::water sports]. In particular it is recom-
mended for people with back problems because it
[hasFinding::trains the back muscles]. ...
However, people with [isContradictedBy::skin
allergies] should avoid swimming. ...

In the example given, the text phrases water sports,
trains the back muscles and skin allergies are annotated
with the properties hasFinding and isContradictedBy, re-
spectively. Each annotation performs the creation of an
RDF triple with the article’s concept (here, Swimming) as
the subject, the property’s name as the predicate, and a
reference to the particular text phrase as the object. The
use of properties implies the extension of the simple do-
main ontology of sports forms defined before. In the ex-
ample, we introduced the properties hasFindings and is-
ContradictedBy. With the properties defined in the wiki,
an extended version of the semantic search and navigation
becomes possible. For example, we are now able to query
findings (as text phrases) that exclude a specific form of
sports, i.e., “return all text phrases that represent the con-
tradiction of a given sports form”.

In a further step, it is reasonable to “semantify” the
text phrases representing the particular properties of a
concept. Thus, we gradually extend the existing annota-
tion by explicit concepts describing the ranges of the prop-
erties:

...Swimming is the most common form of wa-
ter sports [hasFinding:: Medium = in water].
In particular it is recommended for people with
back problems because it trains the back mus-
cles [hasFinding:: Trained muscles = back].
...However, people with skin allergies [isContra-
dictedBy:: Medical restrictions = skin allergy]
should avoid swimming. ...

In the presented example, the text phrase trains the
back muscles is moved out of the annotation and replaced
by the explicit concept Trained muscles having a concrete
value back. Furthermore, the last annotation describes that
the text phrase skin allergies is annotated by the value skin
allergy assigned to the concept Medical restrictions. This
implies the extension of the ontology by appropriate con-
cepts representing the findings for the different forms of
sports. If these concepts are defined in advance, then nat-
ural language processing methods can be used for semi-
automatic annotation of the text. In consequence, a full-
fledged semantic search and navigation become possible,
where the relation of a specific finding value to all avail-
able sports concepts can be queried, for example.

Generating problem-solving knowledge. In some
cases, the use of semantic annotations is not sufficiently
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expressive for a given application project. Then, transfor-
mation a higher level of formalization by generating and
extending strong problem-solving knowledge out of the
existing annotations becomes necessary. In the following,
we aim to define knowledge to actually derive particular
forms of sports based on entered user findings. For this
reason, we collect all properties that set a form of sport
in relation with a finding that can be entered by the user.
In the example given, we collect the properties hasFind-
ing and isContradictedBy. The KnowWE semantic wiki
offers scripts that automatically convert these properties
either into set-covering models or rules. For further prop-
erties with different semantics, the scripts certainly have
to be adapted. In the initial step, such a conversion de-
notes the transition of the available knowledge into an (al-
most) semantically equivalent version. However, in this
case the target representation offers richer possibilities to
represent further elements of the knowledge base.

Set-covering models. The following shows a transition of
the annotation to a set-covering model (Peng and Reg-
gia, 1990), which describes all typical/relevant findings
for a solution. The given textual markup to be used in
wikis was introduced by Baumeister ez al. (2007). In our
example, the solution concepts correspond to those rep-
resenting the wiki articles, and findings are defined as the
target concepts of the included properties. Each of the col-
lected properties is compiled by the script into a line of the
set-covering model. The value of the property hasFinding
is represented as a simple line (denoting the positive ex-
pectation of this finding), for example, Trained muscles =
back. For the property isContradictedBy, the conversion
additionally adds a /- -] at the end of the generated line in
order to represent the negative expectation of this finding,
for example, see Medical restrictions = skin allergy.

Swimming {
Medium of sports = water
Type of sport = individual
Trained muscles = back
Running costs >= medium
Medical restrictions = skin allergy [- -]

}

Bold-faced letters are (hand-crafted) additions to the
model that have been made after the transition. For in-
stance, two further findings describe the type of sports and
the running costs. The explicit representation in the model
points to an extension of formalized knowledge, although
this information is already available in the text of the wiki
article.

Rules. In the following example block, a rule-based ver-
sion of the annotations made is shown. In this simple ex-
ample, one rule is created by a script collecting all has-
Finding properties as well as one rule for every isContra-
dictedBy property. Of course, this naive conversion does

not necessarily conform to the intended semantics of the
annotations made, and therefore it is meant as a starting
point for further (manual) adaptations.

if Medium of sports = water
and Type of sport = individual
and Trained muscles = back
and Running costs >= medium
then derive Swimming

if Medical restrictions = skin allergy
then exclude Swimming

Transition to more expressive knowledge representa-
tions such as set-covering models and rules becomes nec-
essary when complex relations of the domain cannot be
expressed by semantic annotations anymore. As a ben-
efit, the knowledge can then be used for more effective
reasoning ranging from complex semantic queries to the
generation of problem-solving interviews, where appro-
priate solutions to a given problem are derived based on
an interactive interview.

In the example above, we showed stepwise formal-
ization of knowledge along the knowledge formalization
continuum. In the next section, we present some case
studies and we also claim that the counter direction along
the knowledge formalization continuum poses interesting
applications.

4. Case studies

In the following, we describe two case studies and demon-
strate the application of the knowledge formalization con-
tinuum and the KnowWE semantic wiki, respectively. The
first case study considers the development process of the
medical decision-support system CareMate, whereas the
second example shows the use of the knowledge formal-
ization continuum in the context of the e-learning applica-
tion HermesWiki.

4.1. Medical decision-support with CareMate.
The decision-support system Digitalys CareMate
is commercially sold by the company Digitalys
(httpi/ /www .digitalys.de) as part of an equipment
kit for medical rescue trucks. It is a consultation system
for medical rescue missions when the problem definition
of a particular rescue service is complex and a second
opinion becomes important. The knowledge base cur-
rently contains about 260 findings distributed over 33
questionnaires. The system is able to derive 145 distinct
solutions. The compiled knowledge base resulted in a
(merged) decision tree having 2051 possible diagnostic
paths.

The knowledge base is developed using the
KnowWE semantic wiki. In the wiki, the knowledge base
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Fig. 5. Article of the cardinal symptom stomach pain (“Bauchschmerzen”) showing some text explaining the general structure of the
corresponding decision tree and an overview image, which can be enlarged on click (the original screenshot is depicted in the

German language).

is partitioned by their cardinal symptoms. Accordingly,
every cardinal symptom is represented by a distinct wiki
article. Furthermore, there exists one wiki article describ-
ing the solutions of the system. On every page of a car-
dinal symptom, there is some explanation text given in
addition to the formalized version of the knowledge as
a heuristic decision tree. For larger cardinal symptoms,
there are further pages linked from the original article,
where modular parts of the decision tree are formalized.
In Fig. 5 the wiki article of the cardinal symptom stom-
ach pain (“Bauchschmerzen”) is shown.

At the beginning of the project, the knowledge was
originally captured by transferring textbook knowledge
and expert knowledge into flowchart diagrams using the
software MS Visio. The domain specialist was neither
experienced in using (specialized) computer software nor
trained in knowledge representation. The use of stan-

dard office software, such as MS Visio, appeared to be
the most natural approach to capture the initial structure
of the knowledge base, since no new software distracted
the specialist but he or she was able to concentrate on the
actual knowledge structuring. After defining the initial
structure and logic of the knowledge base over a number
of diagrams, we decided to transform the knowledge into
a decision tree representation to allow automated execu-
tion of the knowledge by the d3web reasoner (Baumeister
et al., 2008).

Within the semantic wiki, both knowledge formal-
izations can be represented very easily: the decision trees
were defined directly within the wiki text using a special-
ized markup (Baumeister et al., 2010), whereas the origi-
nal MS Visio diagrams were embedded as attachments to
the corresponding wiki articles. Additional texts of the
articles explain relations and design decisions. For in-
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stance, Fig.[5shows the article of the logical unit stomach
pain (“Bauchschmerzen”), where MS Visio diagrams, or-
ganizational comments, and decision tree knowledge of
the same knowledge entity are combined. The MS Vi-
sio diagrams can be viewed in and downloaded from the
wiki. Comments in the article additionally state that the
decision tree logic was divided into two decision trees
handling the diagnosis of stomach pain for women and
for men, separately. The lower part Fig. 5 shows an ex-
cerpt of the formalized knowledge base, where first the
sex (“Geschlecht”) of the patient is asked.

The CareMate system runs on a touch-screen tablet,
and therefore releases of the knowledge base need to be
exported from the wiki into a runtime version. Here,
KnowWE provides a deployment feature that compiles
a predefined master article into an executable knowledge
system.

Before the deployment of a new version of the Care-
Mate system, all possible derivation paths of the knowl-
edge base needed to be verified. For this task, we uti-
lized the visualization technique DDTrees (Baumeister
and Freiberg, 2010) to transfer the available knowledge
into a less formalized representation. In this way, we move
the knowledge to the representation level that was most
appropriate for the particular task.

To summarize, the ideas of the knowledge formaliza-
tion continuum were applied in many ways during the de-
velopment of the CareMate knowledge base. Starting with
MS Visio flowcharts formalized from textbook knowl-
edge, the domain specialist could concentrate on knowl-
edge organization and structuring. In a second step, the
flowcharts were semi-automatically transferred to the for-
mal knowledge representation heuristic decision trees in
order to allow an automated reasoning process. For the
verification process, the knowledge was visualized by a
less knowledge-based formalization, here—DDTrees.

4.2. HermesWiki e-learning platform. Her-
mesWiki (Reutelshoefer et al., 2010) is an e-learning
platform developed by historians of the Department
of Ancient History from the University of Wiirzburg,
Germany, supported by the Department of Intelligent
Systems of the Institute of Computer Science. Her-
mesWiki is a KnowWE implementation and consists of
a concise and reliable overview of ancient Greek history.
The knowledge provided here is intended to serve as
teaching material for undergraduate students. Presently,
HermesWiki contains about 800 pages covering essays,
translated excerpts of original sources, and a glossary.
HermesWiki is an interesting example of the applica-
tion of knowledge formalization continuum: the domain
specialists—researches and teachers of ancient history—
originally started by filling a standard wiki with a tex-
tual content and images. They defined categories and re-
lations not by using explicit markup, but by formatting

the wiki text following a discussed and agreed conven-
tion. This convention simplified automated extraction of
knowledge from the text entered. Due to the extensibil-
ity of the wiki (Reutelshoefer et al., 2009) it was easy to
extend the engine by specialized plugins to automatically
parse and formalize the available text.

The following block gives an example of the em-
ployed “markup by convention”, where time events of his-
tory are defined by special text formatting:

<<Lamian War
323b-322b

After Alexander’s death the Greeks
revolted against Macedonian
rule under the lead of the Athenians.

[....]

SOURCE: Paus::1,25,3-6
SOURCE: Diod::18,8-18
>>

The example describes the event Lamian War, given
as the title in the first line. In the second line the time event
is annotated by a time stamp specifying the duration of the
event considered. The text “323b-322b” means that the
event occurred 323 BC until 322 BC. The following lines
consist of the body of the event, describing its description
in free text. Optionally, historical sources are appended to
the text, explicitly annotated by the keyword SOURCE. In
our example, two sources—f{rom Diodor and Pausanias—
are included.

As a benefit, the markup is human readable as free
text, but it is sufficiently formal to be parsed as ontological
descriptions. The ontology—generated by the markups—
has multi-faceted applications: the knowledge is used for
semantically enriched wiki pages, for a timeline browser,
for semantically annotating Google Maps, and a dynami-
cally generated quiz for students.

Figure |6 shows a HermesWiki article about Alexan-
der the Great (‘“Alexander der Grofle”’). Here, ontology
is used to geographically highlight on a Google Map im-
portant events, in which Alexander was involved; a less
formal knowledge representation (map image) is enriched
by ontological knowledge. Underneath, the visualization
of time events—defined within the page using the markup
discussed above—is shown as collapse boxes.

The HermesWiki project is an interesting example,
where the concept of the knowledge formalization contin-
uum was intuitively applied: Starting with simple text and
images, the wiki was filled very easily, some existing doc-
uments were already available and could be taken over
into the wiki. Using the light-weight approach of “con-
vention over configuration”, simple markups were agreed,
and explicit ontological knowledge was extracted from the
formatted text. The ontological knowledge in turn was
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Fig. 6. HermesWiki: article on Alexander the Great showing a map generated by the ontology. The most important events in the life

of Alexander are geographically highlighted on the map.

used to enrich existing maps by visualizing aggregated
views of the curriculum vitae of particular persons.

5. Conclusions

This article introduced the concept of the knowledge for-
malization continuum, which is a mental issue that helps
knowledge engineers and domain specialists during the
development process of intelligent systems. The knowl-
edge formalization continuum is neither a physical model
of knowledge nor a methodology for the knowledge for-
malization process. It rather combines alternative knowl-
edge representations of the same subject into a contin-
uum, ranging from free text to explicit logic rules. We
also claimed that a semantic wiki is an appropriate tool to
support knowledge engineering following the ideas of the
knowledge formalization continuum. We demonstrated
its application by the KnowWE semantic wiki and two
case studies: the first was taken from the medical do-
main and considered the development and evaluation of
the decision-support system CareMate; the second one

demonstrated the use of the knowledge formalization con-
tinuum and KnowWE in the context of the HermesWiki
platform—an e-learning project in ancient history.

The full power of the knowledge formalization con-
tinuum cannot be fully exploited with current state-of-the-
art methods. In the future, automated methods, as we
sketched in Section 2.1l will need further improvement
and practical applicability. For example, adapted and ef-
fective NLP methods are necessary to declaratively and
accurately transfer free text knowledge into more explicit
forms. On the other hand, it becomes interesting to pro-
vide declarative methods that allow a flexible and tailored
definition of explanations and visualizations of more ex-
plicit representations of knowledge.
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