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Abstract: This paper focuses on knowledge management for complex application do-
mains using Collaborative Multi-Expert-Systems. We explain how different knowl-
edge sources can be described and organised in order to be used in collaborative
knowledge-based systems. We present the docQuery system and the application do-
main travel medicine to exemplify the knowledge modularisation and how the dis-
tributed knowledge sources can be dynamically accessed. Further on we present a
set of properties for the classification of knowledge sources and in which way these
properties can be assessed.

1 Introduction

Today’s knowledge-based systems have to deal with increasingly complex application do-
mains. One way of dealing with this increasing complexity are distributed systems such as
multi-agent systems [Wei99]. However, in order to realise a truly distributed knowledge-
based system not only the knowledge processing step has to be carried out in a distributed
way but also the knowledge acquisition step. Service-oriented architectures [PTDL03]
are one example for the use of distributed information sources but they mostly focus on
services that are closer to the processing of knowledge than its acquisition. The Collab-
orative Multi-Expert Systems approach [ABD+07] addresses the challenge of distributed
knowledge acquisition in its first instantiation, the SEASALT architecture [BRA07]. This
paper’s focus lies on SEASALT’s distributed knowledge sources and their management
and (optimised) querying using a Coordination Agent [BRRSA08]. The Coordination
Agent builds a graph representation of all available knowledge sources, the graph’s shape
is based on the knowledge sources’ respective input/output dependencies [RS08]. Based
on this graph an optimal route through the graph – that is an optimal combination of the in-
formation offered by the respective knowledge sources – is computed. In order to optimise
this route and thus the resulting information the knowledge sources have to be classified
using appropriate properties. This paper evaluates and presents possible properties that
can be used to model and describe heterogeneous knowledge sources of all sorts.



Section 2 presents the application domain travel medicine, which is the application domain
of the docQuery project [Bac07], the project within which the presented work has been de-
veloped. Section 3 presents the underlying concept of knowledge modularisation and the
Coordination Agent. Subsection 3.1 presents the graph-based representation, the Knowl-
edge Map, in detail and subsection 3.2 gives a detailed description of the computation of
retrieval routes based on the Knowledge Map. Section 4 presents the knowledge source
properties we have identified, their possible values and possibilities for their automated
assessment. Section 5 presents related work in the areas of knowledge modularisation and
the description of knowledge sources. The paper closes with a conclusion and outlook in
section 6.

2 Application Domain: Travel Medicine

During the last decade travelling to different places, experiencing new cultures and meet-
ing new people all over the world has become more and more popular. In preparation
for a healthy journey it is important to get high quality and reliable information on travel
medicine prevention. Travel medicine is the specialised area of medicine that deals with
medical issues like diseases, vaccinations, etc., which might occur before, during and after
a journey. In fact, it focuses on what happens to people when they change their regular
environment, for example when travelling by car, train or airplane to different places.

There are already many websites and web forums in which travel medicine information
can be found (e.g., which vaccinations should be administered when someone plans to
travel to a given country). The main drawback of such websites and web forums is that
they usually do not contain all necessary medical information and the traveller has to
visit many pages to receive all the information he needs. Thus, it is a difficult and time-
consuming task to gather all the information for a travel destination. Furthermore, the
editors of the sites are mostly unknown and travellers cannot evaluate whether the given
information is trustworthy, complete and/or correct.

We aim to remedy these problems and will create docQuery1, an intelligent information
system on travel medicine in co-operation with a team of certified doctors of medicine with
a strong background in travel related medicine. This offers us the possibility to establish
a community for experts in which they can exchange their knowledge on their expertise
(e.g., coping with chronic illnesses during a journey) and get new information from their
colleagues.

Based on our SEASALT architecture, we will implement the docQuery application[Bac07]
which will provide the travellers with travel medicine information tailored to suit their
journey. Queries to the system contain data like travel period, destination, age of the trav-
eller. We will be able, by the means of docQuery, to create tailored information leaflets
that cover all aspects a consultation at a travel medicine expert would contain. The knowl-
edge within docQuery is modularised with knowledge sources covering topics like regions,

1docQuery is a project in co-operation with mediScon worldwide (and TEMOS, the telemedicine project of
the Institute of Aerospace Medicine at the German Aerospace Centre - DLR



diseases, medicaments, activities, chronic illnesses, etc. Following the SEASALT archi-
tecture the knowledge sources contain information extracted from community knowledge
as well as human domain experts.

3 Knowledge Modularisation

Following our approach of Collaborative Multi-Expert Systems the knowledge sources,
which are used to store and provide knowledge, are mostly distributed. When dealing with
complex application domains it is easier to maintain a number of heterogeneous knowledge
sources than one monolithic knowledge source. The knowledge modularisation within
SEASALT is organised in the Knowledge Line that is based on the principle of product
lines as it is known from software engineering[vSR07] and we apply it to the knowledge
in knowledge-based systems, thus splitting rather complex knowledge in smaller, reusable
units (knowledge sources). Moreover, the knowledge sources contain different kinds of
information as well as there can also be multiple knowledge sources for the same purpose.
Therefore each source has to be described in order to be integrated in a retrieval process
which uses a various number of knowledge sources.

The approach presented in this work does not aim at distributing knowledge for perfor-
mance reasons, instead we are planning to specifically extract information for the respec-
tive knowledge sources from internet communities or to have experts maintaining one
knowledge base. Hence, we are creating knowledge sources, especially Case-Based Rea-
soning systems, that are accessed dynamically according to the utility and accessibility
to answer a given question. Each retrieval result of a query is a part of the combined
information as it is described in the CoMES approach [ARB+07].

3.1 Knowledge Map

The Knowledge Map organises all available knowledge sources that can be accessed by
a so-called Coordination Agent that creates individual requests and combines informa-
tion. The term Knowledge Map originates in Davenport’s and Prusak’s work on Working
Knowledge [DP00] in which they describe a knowledge map from the organisational point
of view mapping human experts in order to ensure that everybody in a company knows
who is an expert in a certain domain. We transfer this concept in an intelligent agent
framework that coordinates different knowledge sources.

A Knowledge Map KM consists of a number of Topic Agents TA that are depending on
each other and each consist of a software agent A on top of a knowledge base KB. Thus
it can be defined as follows:

KM = {TA1, TA2, TA3, . . . , TAn} with TA = (KB, A) (1)

A Topic Agent is a knowledge-based system itself and the software agent queries it. The



Topic Agent collaborates with the Coordination Agent that navigates through the Knowl-
edge Map and asks subsequent questions to the individual Topic agents thus creating an
individual path through the map. There are dependencies Depconstraint between the Topic
Agents which define that sequence and influence the retrieval executed by one of the sub-
sequent Topic Agents. A dependency exists if one agent’s output serves as another agent’s
input and thus enforces a subsequent query. Since the dependencies between Topic Agents
can take any form, we decided to implement the Knowledge Map as a graph where each
Topic Agent is represented by a node and directed edges denote the dependencies.

Figure 1: Knowledge Map containing Topic Agents and Knowledge Bases

Figure 1 shows a Knowledge Map containing the knowledge bases and software agents as
well as an example for a possible path through the knowledge sources.

3.2 Computing Retrieval Graphs

Retrieval paths are computed based on the information a user gives in an individual query
and the properties of the knowledge sources.

Our implementation covers an a-priori computation of the retrieval path, the Knowledge
Map itself is stored as an XML document. We use RDF as the wrapper format and describe
the individual nodes with a namespace of our own. More details concerning the XML-
Format can be found in [RS08]. Based on the knowledge map we then use a modified
Dijkstra algorithm [Dij59] to determine an optimal route over the graph. If confronted
with redundant knowledge sources the algorithm tries to optimise the path according to
the knowledge sources respective properties. To that end the algorithm is modified in such
a way that it optimises its route by trying to maximise the arithmetic mean of all queried
nodes. In the case of a tie between two possible routes the one with the lesser variance is
chosen.



4 Classification of Knowledge Sources

As described in the previous section the knowledge sources are assigned a set of properties.
These properties do not only describe the individual souces but are also used for optimising
the query path. When working with distributed and – most importantly – external sources
it is of high importance to be able to asses, store and utilise their characteristics in order to
achieve optimal retrieval results.

4.1 Knowledge Source Properties

Considering knowledge sources, different characteristics, and aspects on which to assess
knowledge source properties come to mind. The possible properties can refer to content
(e.g. quality or topicality) as well as meta-information (e.g. answer speed or access limits).
In detail we have identified the following knowledge source (meta and content) properties:

Meta properties are:

• Access Limits: Some services, for instance some Google Maps2 services or Projekt
Deutscher Wortschatz3, only allow a certain number of requests per time unit. These
limits can make a service less attractive and have to be observed in order to avoid
being blocked.

• Answer Speed: The knowledge source’s reaction time.

• Economic Cost: While most information sources are free to use, there are also
many commercial ones that can be used, but should also be avoidable.

• Language: The query language, for instance SQL, RMI or simple query terms.

• Format: The results’ format, for instance XML, HTML, data base tables, or pure
text.

• Structure: How structured the results are: possible values are structured (e.g. ta-
bles), semi-structured (e.g. RSS), and unstructured (e.g. text).

• Cardinality: The amount of results, for instance a single one or a set of cases or
tuples.

• Trust or Provenance: Not all knowledge sources are equally trustworthy and reli-
able, this has to be reflected in their properties. 4

Content properties:

2http://maps.google.com
3http://wortschatz.uni-leipzig.de/
4It is arguable if this is exclusively a meta property since provenance also affects content but we have decided

to count it among the meta properties.

http://maps.google.com
http://wortschatz.uni-leipzig.de/


• Content: What knowledge the knowledge source actually offers. Content can be se-
mantically described using a semantic description language such as RDF (Resource
Description Framework [BM04]) or USDL (Universal Service-Semantics Descrip-
tion Language [BKSH05]).

• Expiry: Some kinds of knowledge or information are more time dependent than
others. A geographic knowledge source providing coordinates of places can easily
be cached for a long time, stock quotations on the other hand cannot.

• Up-to-dateness: If the offered information is time-dependent, how up-to-date are
the results?

• Coverage: How good is the knowledge source’s topic covered? For instance in a
service providing stock quotations, does the source offer quotations for every issued
stock or only on selected ones?

• Completeness: How complete is the information offered, here the question is not
how complete a topic is covered but how complete the provided information is.

The distinction between coverage and completeness is most easily illustrated in an ex-
ample: Given that a need for geographic information the free encyclopaedia Wikipedia
would be a knowledge source with a high coverage, since it lists not only countries but
also provinces, regions, cities, and villages. The CIA World Factbook5 on the other hand
has a much lower coverage since it only offers information on a country-basis. With re-
gard to completeness the World Factbook would have a high value since it offers a full set
of information for every included country, while in the Wikipedia there are also so called
stubs, articles that only contain of one or a few sentences and thus are very incomplete.

4.2 Complex Knowledge Source Properties

While the properties presented above can be easily described and modelled, there are also
more complex concepts. One of these more complex properties is quality: The quality of
a knowledge source comprises many different aspects and we thus propose to also allow
for compound properties to also permit the description of complex properties. Compound
properties are the (weighted) sum of any number of the above presented simple topics.

4.3 Assessment of Knowledge Source Properties

Not all of the properties presented above are fully unrelated. The properties language,
format, structure and cardinality for instance are partially related which allows for some
basic sanity checks of their assigned values; also some of the properties such as answer

5https://www.cia.gov/library/publications/the-world-factbook/

https://www.cia.gov/library/publications/the-world-factbook/


Property Type Description

Economic Cost Float Cost per query

Access Limits Integer Number of queries per minute
Answer Speed Integer Number of miliseconds

Language SetOfValues E.g. XML, SQL, Text, ...
Format SetOfValues E.g. RSS, XML, HTML, DB tuples, Text, ...
Structure SetOfValues E.g. Structured, Semi-Structured, Unstructured
Cardinality SetOfValues E.g. Single, Set
Content SetOfValues Semantic description of the source’s content

Provenance IntRange A value in a specified range
Expiry IntRange A value in a specified range
Up-to-dateness IntRange A value in a specified range
Coverage IntRange A value in a specified range
Completeness IntRange A value in a specified range

Table 1: Knowledge source properties and their possible values

speed, language or structure can be automatically assessed. Apart from these possibili-
ties for automatisation the knowledge source properties currently have to be assessed and
maintained manually by a Knowledge Engineer who assigns values to the properties and
keeps them up to date. Adapting the properties’ values based on feedback is only partially
possible since feedback is mostly given on the final, combined result and it is thus diffi-
cult to propagate back to the respective knowledge sources. Also the more differentiated
feedback is needed (in order to be mapped to the respective properties) the less feedback
is given, so a good balance has to be found in this regard. Despite these difficulties the
inclusion of feedback should not be ruled out completely. Even if good knowledge sources
are affected by bad general feedback and the other way around the mean feedback should
still provide a basic assessment of a knowledge source’s content and can for instance be
included in a combined quality measure. Depending on the respective properties we have
defined possible values for all of them, table 1 illustrates all properties and their possible
values. Obviously, not all properties are usable for routing optimisation. There are some
properties like format, language, structure or content that cannot be used in the routing
process since no valency can be assigned to them, that is one possible value cannot be
judged as better or worse as the other.

5 Discussion of Related Work

The approach of distributed sources has been a research topic in Information Retrieval
since the mid-ninties. An example is the Carrot II project [CKM+02], which also uses a



multi-agent-system to co-ordinate the document sources. However, most of our knowledge
sources are CBR-systems, which is the reason why we concentrate on CBR-approaches.
The issue of differentiating case bases in order to be more suitable for its application do-
main has been discussed before. Weber et al [WGM08] introduce the horizontal case
representation, a two case base approach in which one contains the problem and the other
one the solutions. They motivate splitting up the case bases for a more precise case repre-
sentation, vocabulary and a simplified knowledge acquisition.

Retrieval strategies have been discussed in the context of Multi-Case-Base Reasoning in
[LS02]. Leake and Sooriamurthi explain how distributed cases can be retrieved, ranked
and adapted. Although they are dealing with the same type of case representations of
the distributed case bases, both approaches have to determine whether a solution or part of
solution is selected or not. The strategy of Multi-Case-Base Reasoning is to either dispatch
cases if a case-base cannot provide a suitable solution or to use cases of more than one case
base and initiate an adaptation process in order to create one solution.

Collaborating case bases have been introduced by Ontañón and Plaza [OP01] who use
a multi-agent system to provide a reliable solution. The multi-agent system focuses on
learning which case base provides the best results, but they do not combine or adapt solu-
tions of different case bases. Instead their approach focuses on the automatic detection of
the best knowledge source for a certain question.

Combining parts of cases in order to adapt given solutions to a new problem has been
introduced by Redmond in [Red90] in which he describes how snippets of different cases
can be retrieved and merged into other cases, but in comparison to our approach, Redmond
uses similar case representations from which he extracts parts of cases in order to combine
them. His approach and the knowledge provision in SEASALT have in common that both
deal with information snippets and put them together in order to have a valid solution. Fur-
ther on, Redmond mostly concentrates on adaption while we combine information based
on a retrieval and routing strategy.

Our notion of knowledge source properties is comparable to and thus benefits from ad-
vances in the respective field in CBR (like the recent work of Briggs and Smyth [BS08]).
However, from our point of view, the graph-like representation of the knowledge sources
and its use in the composition of the final results cannot be easily applied to a set of cases
from one case base. The reason for this is, that in our approach one knowledge source cov-
ers one domain and we can thus make assumptions on its semantics (the region case base
will always return a country, a country is always associated with illnesses, etc.). Having
a set of cases from one case base using one case representation, this assumption does not
hold and thus we cannot define the dependencies required in our graph.

6 Conclusion and Outlook

In this paper we presented how knowledge management for complex application domains
can be realised using Collaborative Multi-Expert-Systems. We introduced docQuery (as
our application domain) which is partially based on the results presented in this work. We



explained the knowledge modularisation and how the distributed knowledge sources can
be dynamically accessed defined by retrieval paths based on Knowledge Maps. Further
on, we explained how knowledge sources can be classified using a set of properties and in
which way these properties can be assessed.

Currently, our implementation covers an a-priori computation of the retrieval path and we
are planning to extend the computation toward a more flexible and subsequent, result-
dependent routing. We plan to extend our algorithm by weighting and combining the
considered properties to represent their relevance in the overall solution. Further on, we
will evaluate the automated integration of feedback about knowledge sources (e.g. regard-
ing the quality of the result or the response time) in the computation of the retrieval paths.
The computation of retrieval graphs can be improved by implementing a more flexible
computation depending on the subsequent results by adjusting the retrieval path during
retrieval time.

Because of the fact, that we use a number of different knowledge sources we consider
using results of the explanation-based research [RB04] to describe to the user on which
sources the answer depends in order to have more trustworthy solutions. Further on, these
explanations will help use to evaluate our knowledge sources aiming at a more precise,
user-comprehensible and transparent system.
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