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Abstract
The beneﬁts of modular representations are well known from many areas of computer science. While in software
engineering modularization is mainly a vehicle for supporting distributed development and re-use, in knowledge representation, the main goal of modularization is eﬃciency of reasoning. In this paper, we concentrate on the beneﬁts of
modularization in the context of ontologies, explicit representations of the terminology used in a domain. We deﬁne a
formal representation for modular ontologies based on the notion of Distributed Description Logics and introduce an
architecture that supports local reasoning by compiling implied axioms. We further address the problem of guaranteeing the correctness and completeness of compiled knowledge in the presence of changes in diﬀerent modules. We propose a heuristic for analyzing changes and their impact on compiled knowledge and guiding the process of updating
compiled information that can often reduce the eﬀort of maintaining a modular ontology by avoiding unnecessary recompilation.
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1. Motivation
Currently, research in the area of the semantic web is in a state where ontologies are ready to be applied
in real applications such as semantic web portals, information retrieval or information integration. In order
to lower the eﬀort of building ontology-based applications, there is a clear need for a representational and
computational infrastructure in terms of general purpose tools for building, storing and accessing ontologies. A number of such tools have been developed, i.e. ontology editors [1,2], reasoning systems [3,4] and
more recently storage and query systems (e.g. [5]). Most of these tools, however, treat ontologies as monolithic entities and provide little support for specifying, storing and accessing ontologies in a modular
manner.
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1.1. Why modularization?
There are many reasons for thinking about ontology modularization. Our work is mainly driven by three
arguments. These also bias the solution we propose, as it focuses on the following aspects.
Distributed Systems: In distributed environments like the semantic web, the question for modularization arises
naturally. Ontologies in diﬀerent places are built independent of each other and can be assumed to be highly heterogeneous. Unrestricted referencing of concepts in a remote ontology can therefore lead to serious semantic
problems as the domain of interpretation may diﬀer even if concepts appear to be the same on a conceptual level.
The introduction of modules with local semantics can help to overcome this problem.
Large Ontologies: Modularization is not only desirable in distributed environments, it also helps to manage
very large ontologies that we ﬁnd in medicine or biology. These ontologies, which sometimes contain more
than a hundred thousand concepts, are hard to maintain as changes are not contained locally but can aﬀect
large parts of the model. Another argument for modularization in the presence of large ontologies is re-use:
in most cases, we are not interested in the complete ontology when building a new system, but only in a
speciﬁc part. Experiences from software engineering shows that modules provide a good level of abstraction
to support maintenance and re-use.
Eﬃcient reasoning: A speciﬁc problem with distributed ontologies as well as with very large models is the
eﬃciency of reasoning. While the pure size of the ontologies causes problems in the latter case, hidden
dependencies and cyclic references can cause serious problems in a distributed setting. The introduction
of modules with local semantics and clear interfaces will help to analyze distributed systems and provides
a basis for the development of methods for localizing inference.
1.2. Requirements
There are three requirements a modular ontology architecture has to fulﬁll in order to improve ontology
maintenance and reasoning in the way suggested above. The requirements will be the main guidelines for
the design of our solution proposed in this work.
Loose Coupling: In general, we cannot assume that two ontology modules have anything in common. This
holds for the conceptualization as well as for the interpretation of objects, concepts or relations. Our architecture has to reﬂect this by providing an extremely loose coupling of modules. In particular, we have to
prevent unwanted interactions between modules. For this purpose, mappings between modules have to
be distinguished from local deﬁnitions on the semantic as well as the conceptual level.
Self-Containment: In order to facilitate the re-use of individual modules from a larger, possibly interconnected system, we have to make sure that modules are self-contained. In particular, it should be possible
to perform certain reasoning tasks such as subsumption or query answering within a single module without having to access other modules. This is also important if we want to provide eﬃcient reasoning. Further, we have to ensure correctness, and whenever possible completeness, of local reasoning, for obvious
reasons.
Integrity: The advantages of having self-contained ontology modules have their price in terms of potential
inconsistencies that arise from changes in other ontology modules. While there is in our architecture no
need to access other modules at reasoning time, the correctness of reasoning within a self contained module
may still depend on knowledge in other ontologies. If this knowledge changes, reasoning results in a selfcontained module may become incorrect with respect to the overall system, and we will not even notice it.
We have to provide mechanisms for checking whether relevant knowledge in other systems has changed
and for adapting the reasoning process if needed to ensure correctness.
1.3. Related work
Our work relates to two main areas of research on representing and reasoning about ontological knowledge. The ﬁrst is concerned with distributed and modular knowledge representation where we use ideas from

