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frameworks for hybrid knowledge bases that consist of an ontology and a rule component.
Instead of the usual static view of hybrid knowledge, in this paper we address its dynamics

I]f[e;;)‘/\r/;:jnf;owledge bases and in particular focus on updates. We develop two hybrid update semantics that fit the
Ontologies needs of particular use cases of hybrid knowledge and provide the expected results when
Description logics used in specific application domains. The first semantics uses a given ontology update
Logic programs operator to update the ontology component of a hybrid knowledge base in the presence
Rules of static rules. Inspired by a realistic application, and based on a generalised notion of

Stable models
Answer sets
Belief change
Update

splitting, known from Logic Programming, the second semantics offers a way to modularly
combine an ontology update operator with a rule update semantics. It can be used for
performing updates of hybrid knowledge bases consisting of ontology and rule layers that
share information through a rule-based interface.
Both of these developments constitute solutions to the problem of hybrid updates for
restricted classes of hybrid knowledge bases. We examine their fundamental formal
properties and show that despite the different ideas behind each of them, they are fully
compatible with one another, i.e. when both are applicable, they lead to the same result.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recent standardisation efforts gave rise to widely accepted knowledge representation languages such as the Web
Ontology Language (OWL)! and Rule Interchange Format (RIF),> based on Description Logics [11] and Logic Program-
ming [22,42,61,74], respectively. This has fostered a large number of ontologies and rule bases with different levels of
complexity and scale. Whereas description-logic based ontologies provide the logical underpinning of intelligent access and
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information integration, rules are widely used to represent business policies, regulations and declarative guidelines about
information.

Since both ontologies and rules offer important features for knowledge representation, considerable effort has been
invested in identifying a unified hybrid knowledge framework where expressivity of both formalisms could be seamlessly
combined. Over the years, work on hybrid knowledge bases has matured significantly and fundamental semantic as well
as computational problems have been successfully addressed (see [25,52] for an overview). MKNF Knowledge Bases [77]
form one of the most mature proposals. MKNF knowledge bases provide a tight integration of the two paradigms, allowing
predicates to be defined concurrently in the ontology and using rules, while at the same time being faithful to the semantics
both of their ontology component and their rules component. Further, they have thoroughly examined decidability and
complexity properties including a tractable variant of the formalism based on the well-founded semantics [41,59].

While such formalisms make it possible to seamlessly combine rules and ontologies in a single unified framework,
they do not take into account the dynamic character of application areas where they are to be used. More particularly, the
essential support for keeping a hybrid knowledge base up to date, by incorporating new and possibly conflicting information,
is still missing. Nonetheless, this topic has been extensively addressed in the context of both Description Logics and Logic
Programs, when taken separately.

The formal underpinning of ontology updates originates in the ample area of belief change [3], more particularly in the
principles and operators used to deal with change in action theories and relational databases with incomplete informa-
tion [56,57,95,96]. An update is generally understood as a change operation that consists in bringing a knowledge base up to
date when the world described by it changes [56]. More technically, update operators are based on the idea that the models of
a knowledge base correspond to possible states of the represented world. When a change in the world needs to be recorded,
inertia is applied to each of these possible states, making only the smallest necessary modifications to reflect the change,
arriving at a new collection of possible states that represent the world after the update. Later, these ideas, and particularly
Winslett’s update operator [57,95], were applied to perform updates of Description Logic ontologies [15,27-29,36,58,73].

When updates were tackled in the context of Logic Programming, it was only natural to consider adapting the classical
update postulates and operators to deal with them. However, this led to counterintuitive results because simply applying
inertia to the current stable model, or even a richer semantic characterisation, such as SE-models [93], results in the loss
of essential relationships between literals that are encoded in the rules [66,85,90]. Although state-of-the-art approaches to
rule updates are guided by the same basic intuitions and aspirations as ontology updates, they build upon fundamentally
different principles and methods.

Many are based on the causal rejection principle [6,7,37,66,78], while others employ syntactic transformations and other
methods, such as abduction [80], forgetting [98], prioritisation [97], preferences [31], or dependencies on defeasible assump-
tions [82]. Inertia, instead of being applied to the current state, is applied to rules. Furthermore, rather than operating on
the models of a logic program, rule update semantics refer to its syntactic structure: the individual rules and, in many cases,
also the literals in heads and bodies of these rules. These properties render them seemingly irreconcilable with ontology
updates where state inertia and syntax-independence are central.

In order to define generic hybrid update operators i.e., update operators that can deal with arbitrary hybrid knowledge
bases, these apparently irreconcilable approaches to dealing with knowledge updates must first be integrated, both seman-
tically and computationally. Despite the recent developments, which already provide a narrow bridge between ontology and
rule updates [87-89], this problem is still far from having a suitable solution.

In Section 3 we take an important first step to defining a generic hybrid update operator by following a different ap-
proach. In particular, we show how the static semantics for MKNF knowledge bases can be adapted to allow for updates of
the ontology component of a hybrid knowledge base while the rule component remains static. This encompasses practical ap-
plications of hybrid knowledge bases where the ontology contains highly dynamic information and rules represent business
policies, preferences or behaviour that does not change or can be maintained manually, and can be overridden by ontology
updates when necessary. For illustrative purposes, consider the following simple scenario:

Example 1 (Electronic marketplace). An electronic marketplace where agents sell and exchange items, resources and services
needs to keep track of all the active users and sellers, available offers, product categorisation, etc. Though most of this
information is kept within a Description Logic ontology, rules are used where the Closed World Assumption or reasoning
with exceptions is needed. A small fragment of this hybrid knowledge looks as follows:

Seller C User (1)
ProspectiveSeller = —Seller 1 3RecommendedBy.Seller (2)
—User(X) < ~User(x). (3)
PaysServiceFee(X) <— Seller(x), ~Student(X). (4)

Ontology axioms (1) and (2) express that every Seller in the marketplace is also its User and that every individual that
is currently not a seller but has been recommended by some seller is considered a ProspectiveSeller (e.g. for marketing
purposes). Rule (3) expresses that the concept User is interpreted under the Closed World Assumption, i.e. it is assumed
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