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Abstract
Motivated by the possibilities of applying deductive database technology for efficient
query answering in description logics, we present a translation operator µ that transforms
non-recursive ALC ontologies into a disjunctive deductive database. Contrary to our
previous work, in this paper we focus on handling negation, disjunction and existential
quantifiers, which cannot be handled by deductive databases in a straightforward manner.
We present a performance evaluation of our approach, confirming the intuition that techniques for optimizing query answering in disjunctive deductive databases may improve
query answering in description logics.

1 Introduction
The inference mechanisms employed in the state-of-the-art description logic systems are typically based on refutation theorem proving techniques using tableau calculus. This calculus
provides a decision procedure for one concept-instance pair. However, it is generally acknowledged that efficient query answering over ontologies with large number of instances
requires management of information in sets. Hence, in spite of various optimization techniques (e.g. [15]), performance of query answering in description logic systems is suboptimal
for ontologies containing large number of instances.
Disjunctive deductive databases [7] have been investigated as an alternative knowledge
representation formalism. Recently, several advanced techniques for query answering in disjunctive databases have been presented. This includes the ordering refinement of hyperresolution [4] and disjunctive magic sets transformation [11]. It has been shown experimentally
that these techniques significantly improve query answering in large databases.
Paper Contribution. Motivated by the prospect of improving query answering in description logics, in this paper we extend our previous work from [12] and provide means for
handling central description logic constructs using disjunctive deductive databases, namely

classical negation and disjunction. Since ALC is the foundation of almost all other more expressive logics, we are able to bridge the most critical differences between them and deductive
databases. Additionally, our work provides the following benefits:
• We can improve the performance of DL reasoners by employing evaluation techniques
developed in the field of deductive databases.
• If an ontology uses constructs within the Horn fragment, our approach does not introduce any performance penalty. In this way, performance penalty is paid only for
features actually used.
• Our approach presents a framework for interoperability between description logics and
deductive databases.
We implemented our approach in KAON – the ontology management infrastructure developed by FZI and AIFB at the University of Karlsruhe. We compared the performance of our
system with RACER [13] – a state-of-the-art description logics reasoning system. In many
cases our approach outperforms RACER in query answering on several orders of magnitude.
While we are uncertain what the exact causes for such behavior are, we attempted to provide
a plausible explanation.
We assume that the reader is familiar with the fundamentals of description logics (for an
introduction see e.g. [1]) and disjunctive deductive databases (for an introduction see e.g.
[7]). The rest of this paper is structured as follows. In Section 2 we present our approach for
handling description logics using disjunctive deductive databases. In Section 3 we present the
results of the performance evaluation of our approach. Finally, before we conclude, in Section
4 we present an overview of the related work.

2 A-Box Query Answering using Deductive Databases
In this section we examine how query evaluation techniques of deductive databases can be
applied to query answering in ALC description logic A-Boxes. An excellent introduction to
disjunctive databases is given in [7], but without allowing for rules with function symbols.
However, it is straightforward to extend the minimal or stable model semantics to models
with functional terms. The problems related to query termination in such models are partially
addressed in this section and largely left for future work.

2.1

Translating ALC Ontology into Deductive Database

Extending the work from [12], in this subsection we present the operator µ that can be applied
to any ALC ontology O to produce a disjunctive deductive database µ[O].
In our presentation, [C] we denote the predicate with the name equal to the concept expression C. The predicate HU contains the Herbrand’s universe of the deductive database.
Normalizing Concept Expressions. Each concept expression in O is first translated into
negation-normal form, where negation symbols occur directly in front of the atomic concept
names. This can be done by pushing negation inwards through application of identities ¬(C u
D) ≡ ¬C t ¬D, ¬(C t D) ≡ ¬C u ¬D, ¬¬C ≡ C, ¬∃R.C ≡ ∀R.¬C and ¬∀R.C ≡

∃R.¬C. This transformation can always be performed, but may result in a concept expression
with size exponential with respect to the size of the original expression.
Translating A-Box Assertions. Each A-Box assertion is simply translated into equivalent
fact in the deductive database, according to the first section of Table 1.
Translating T-Box Axioms. For each T-Box inclusion axiom, one or two rules may be
generated, according to the second section of Table 1.
Expanding Concept Expressions. Rules and facts generated in previous steps may contain
complex predicates equal to concept concept expressions (expressions which are not atomic
concept names or negations of atomic concept names). These must be further expanded. The
underline in the generated rules or facts means that concept expression hasn’t been expanded
yet. The expansion is performed iteratively, by choosing one underlined concept expression.
If the expression is complex (i.e. non-atomic concept name), then the corresponding action
from the Table 1 is performed. Finally, the underline from the chosen concept expression is
removed. The process is performed until there are no underlined concept expressions.
The third section of Table 1 specifies how rules containing certain concept expressions
are changed. The fourth section of the table specifies how additional rules are generated for
concept expressions occurring in the rule head. Finally, the fifth section of the table specifies
how rules are generated for concept expressions occurring in the rule body. In the table H
denotes a disjunction of head literals, and B denotes the conjunction of body literals. The
function symbol f should in each expansion be replaced by a new function symbol. Symbol
¬ should be interpreted as classical negation and is dealt with later.
It is obvious that this algorithm terminates – in each step the complexity of the expanded
concept expression is decreased. Therefore, after a finite number of steps all complex concept
expressions will be expanded to the atomic ones. Further, each concept subexpression of O
is visited in the translation process at most once, so the translation algorithm is linear in the
number of concept subexpressions in O.
Adding Classical Negation. The program obtained by expanding concept expressions according to above rules may contain classically negated atoms. Such programs can be handled
in the style of Gelfond and Lifschitz [10]. We extend their approach by further axiomatizing
the usual first-order semantics.
Each literal of the form ¬P (X) should be replaced with literal [¬P ](X), where [¬P ] is
a new predicate symbol. Intuitively, [¬P ] will contain those facts for which it can be proven
that P doesn’t hold. We say that P and [¬P ] are complementary pairs of predicates. For each
complementary pair of predicates where both predicates occur in the program, following rules
should be added:
P (X) ∨ [¬P ](X) :- HU (X)
:- P (X), [¬P ](X)
The first rule axiomatizes the fact that for each individual of the domain, either P or [¬P ]
should hold, whereas the second rule says that for no individual both P and [¬P ] can hold.

3.
4.

For A-Box Axiom...
µ[C(a)]
µ[R(a, b)]
For T-Box Axiom...
CvD
C≡D

...generate fact:
[C](a)
R(a, b)
...generate rule:
[D](X) :- [C](X)
[D](X) :- [C](X)
[C](X) :- [D](X)

5.
6.

For rule of the form...
[>](X) ∨ H :- B
H :- [>](X), B

7.

[⊥](X) ∨ H :- B

8.
9.

H :- [⊥](X), B
[¬A] ∨ H :- B

10.

H :- [¬A], B

...do the following:
Delete the rule.
If variable X occurs in H but not in B,
replace the rule with
H :- HU (X), B
otherwise replace it with
H :- B
Replace the rule with
H :- B
Delete the rule.
Replace the rule with
¬[A] ∨ H :- B
Replace the rule with
H :- ¬[A], B

11.

For expression in the head...
[C1 u . . . u Cn ]

12.
13.

[C1 t . . . t Cn ]
[∃R.C]

14.

[∀R.C]

15.
16.

For expression in the body...
[C1 u . . . t Cn ]
[C1 t . . . t Cn ]

17.
18.

[∃R.C]
[∀R.C]

1.
2.

...add rule:
[C1 ](X) :- [C1 u C2 u . . . u Cn ](X)
..
.
[Cn ](X) :- [C1 u C2 u . . . u Cn ](X)
[C1 ](X) ∨ . . . ∨ [Cn ](X) :- [C1 t . . . t Cn ](X)
R(X, f (X)) :- [∃R.C](X)
[C](f (X)) :- [∃R.C](X)
HU (f (X)) :- [∃R.C](X)
[C](Y ) :- R(X, Y ), [∀R.C](X)
...add rule:
[C1 u . . . t Cn ](X) :- [C1 ](X), . . . , [Cn ](X)
[C1 t . . . t Cn ](X) :- [C1 ](X)
..
.
[C1 t . . . t Cn ](X) :- [Cn ](X)
[∃R.C](X) :- R(X, Y ), [C](Y )
R(X, f (X)) :- ¬[∀R.C](X)
¬[C](f (X)) :- ¬[∀R.C](X)
HU (f (X)) :- ¬[∀R.C](X)

Table 1: Translation Rules

2.2

Example

To aid the understanding of the approach, we present a simple example. Consider an ALC
ontology from Table 2. The left-hand side of the table is the TBox, whereas the right-hand
side of the table is the ABox.
(T1)
(T2)
(T3)
(T4)

Person ≡ Man t Woman
Woman u Man v ⊥
Mother ≡ Woman u ∃hasChild.Person
Father ≡ Man u ∃hasChild.Person

(A1)
(A2)
(A3)

¬Man(Jane)
Woman(Jill)
hasChild(Jill, Jane)

Table 2: Example ALC Ontology
Table 3 shows rules generated by translating the w side of axiom (T3). Rule (R1) is generated by applying translation 3 from Table 1. Predicates on either side of the implication sign
are underlined, which means that they need to be further expanded. Since predicate [Mother]
is an atomic one, it can’t be expanded, so underline can simply be removed. However, the
predicate [Woman u ∃hasChild.Person] is not atomic and occurs in the head, so its underline
can be removed and transformation 11 applied, generating rules (R2) and (R3). Now predicate [Woman] is atomic, so the underline can simply be removed. However, the predicate
[∃hasChild.Person] is not atomic and occurs in the head, so its underline can be removed
and transformation 13 applied, generating rules (R4), (R5) and (R6). Finally, since predicate
[Person] is atomic, its underline can simply be removed. The expansion of the axiom (T3) is
thus complete. Other rules from the example ontology can be generated in a similar way. Finally, concept Man appears negated in the ABox axiom (A1). Therefore, a predicate [¬Man]
is introduced and axiomatized through rules (R7) and (R8).
(R1)
(R2)
(R3)
(R4)
(R5)
(R6)
(R7)
(R8)

[Woman u ∃hasChild.Person](X) :- [Mother](X)
[Woman](X) :- [Woman u ∃hasChild.Person](X)
[∃hasChild.Person](X) :- [Woman u ∃hasChild.Person](X)
hasChild(X, f (X)) :- [∃hasChild.Person](X)
[Person](f (X)) :- [∃hasChild.Person](X)
HU (f (X)) :- [∃hasChild.Person](X)
[M an](X) ∨ [¬M an](X) :- HU (X)
:- [M an](X), [¬M an](X)
Table 3: Translation into Disjunctive Deductive Database

2.3

Evaluating Transformed Programs

In this section we explain how transformed programs may be efficiently evaluated. We are
primarily interested in query answering, that is, computing the extension of some concept or
role predicate Q. For this purpose, we use the ordered hyperresolution technique from [4]
for that purpose. In this setting one may define an arbitrary order ≺ of ground literals of

the program, with the only constraint that all literals containing predicate Q follow all other
literals.
Definition 1 (Disjunctive Fact) A disjunctive fact is a set of ground literals of the form
{L1 , . . . , Ln }, which is often also written as L1 ∨ . . . ∨ Ln . Literal Li of a disjunctive fact
F = {L1 , . . . , Ln } is the active literal (written act(F ) = Li ) if for all j 6= i Li ≺ Lj . For
some set of disjunctive facts F, by act(F) = {act(F ) | F ∈ F} we denote the set of all active
literals of F.
The ordering makes sure that each disjunctive fact has exactly one active literal. Now
we define the set of immediate consequences of some program on the set of disjunctive facts
F. Intuitively, immediate consequences contain all facts that can be derived from F through
hyperresolution on the active literal:
Definition 2 (Immediate Consequence) The immediate consequence of P on F is the following set of disjunctive facts is the following set:
TP (F) = F ∪ {F |
• there is a rule instance A1 ∨ . . . ∨ An :- B1 , . . . , Bm in ground(P ) with n ≥ 0,
• there are disjunctive facts F1 , . . . , Fm ∈ F, Bi = act(Fi ),
• F = {A1 , . . . , An } ∪

Sm

i=1 (Fi

− {Bi })

}
We denote with TP∞ (F) the least fixpoint of TP , that is, the set obtained by successive
application of TP until noting changes. In [4] it has been shown that TP∞ (F) is complete in
the sense that it will contain all disjunctions of the form Q1 ∨ . . . ∨ Qn . The answer to the
query can then be obtained by selecting all singleton disjunctive facts containing Q alone.
As discussed in [4], the presented evaluation strategy results in reasonable performance it
the number of disjunctions is not too big. This is mainly due to the application of the ordering
refinement, which reduces the number of irrelevant disjunctions derived. Further, the presented evaluation strategy can be used in combination with disjunctive magic sets rewriting,
thus resulting in further performance increase.

2.4

Limitations of Evaluation Approach

Transformed program µ[O] may contain function symbols. In that case, the Herbrand’s universe will be infinite. Thus, the minimal model of the program may also become infinite,
making it impossible to compute it. Consider the ontology containing the only T-Box axiom
A v ∃R.A. This axiom is translated into these rules:
[∃R.A](X) :- [A](X)
R(X, f (X)) :- [∃R.A](X)
[A](f (X)) :- [∃R.A](X)

Now if the A-Box contains the assertion [A](a), the minimal model contains facts of the
form [A](f (a)), [A](f (f (a))) etc. Note, however, that the minimal model contains a finite
subset of all simple facts we may be interested in, but additionally it contains an infinite
number of facts about functional terms.
Currently, the results from this paper can be used only if function symbols don’t occur in
rules occurring in a cycle of a dependency graph. In the rest of this section we describe briefly
our approach for overcoming this difficulty.
Many modal logics can be decided by a saturation-based resolution procedure. For example, in [9] such a procedure has been has been presented for the modal logic K4, which
includes transitive frames. The main feature of this procedure is that the saturated sets of
clauses for any logical formula are finite and don’t include functional terms of depth more
than one. We are currently building a similar resolution procedure for SHIQ description
logics. With such a procedure in place, we conjecture it will be possible to translate easily
saturated clause set into a disjunctive program without function symbols which can then be
evaluated using presented techniques.

3 Performance Evaluation
In order to show the benefits of our approach, we prototypically implemented our approach
in KAON – KArlsruhe ONtology management suite. We conducted a series of performance
tests, the results of which we show in this section. We executed the tests with Racer version
1.7 and our prototype. We didn’t use the FaCT system [14] since it doesn’t support A-Box
assertions.

3.1

Test Setting

About Tools. Racer [13] was chosen as the state-of-the-art description logic reasoning system employing the tableau decision procedure as the inference mechanism. The implementation language of Racer is LISP. The implementation language of KAON and of our prototype
is Java.
Test Assumptions. Many description logic systems use caching extensively in order to
speed up query processing. For example, once Racer computes the extension of some concept, it caches the results, so the next time the same query is issued, it is answered almost
immediately. We decided not to take this into account since we wanted to measure the performance of query answering alone. It is quite obvious that, if the answer to the query is cached,
query answering will be fast. Moreover, Racer doesn’t perform incremental maintenance of
query answers. We have observed that whenever the A-Box is changed, even if the change
doesn’t affect the result of the query, Racer forgets all cached information and answering the
query takes the same amount of time as the first time.
Test Procedure. Each test is characterized by a certain ontology structure and a concept
whose extension is to be read. The ontology structure has been generated for different input
parameters, resulting in ontologies of different sizes. Obtained ontologies have then been
loaded in each of the tools and the query has been executed. The average of five such invocations has been taken as the performance measure for each test. If executing the query took

more than 15 minutes, the test was interrupted – results of such tests are denoted with MAX
in the table.
Test Platform. We performed the tests on a standard PC with Pentium III processor running
at 1.1 GHz, 380 MB of RAM running Windows XP operating system. Tests were written in
Java and run using Sun’s JDK version 1.4.1 01. Communication with Racer was done using
JRacer library.
Finally, before presenting the test results, we want to stress that we measured the performance of concrete tools. Although the algorithms used by all mentioned systems are certainly
important, the overall performance of the system is influenced by many other factors as well,
such the quality of the implementation or the language used to implement the system. It is
virtually impossible to exclude these factors from the performance measurement.

3.2

Measurement Results

First we give an overview of the types of tests we conducted. The results of tests 1 to 6 are
presented in Figure 1, whereas the results of test 7 are presented in Figure 2.
In describing tests we use D to denote the depth of the concept tree, NS to denote the
number of subconcepts at each level in the tree, NI to denote the number of instances per
concept and P to denote the number of properties.
Test 1. The goal of this test was to see how the very basic tasks of traversing the concept
hierarchy are handled in ontologies with larger number of properties. The ontology structure
was a symmetric tree of directly classified concepts with one property per concept, which was
instantiated for every third instance of the concept pointing to the next instance. However, the
properties were not mentioned in concept definitions (i.e. they were not relevant to the query
at all). This test didn’t include disjunction or negation. The query involved computing the
extension of one of the first-level concepts. The test was performed for D = 3, 4, 5; NS = 5; NI
= 10; P = 155, 780, 3905. Query answering was performed using magic sets transformation.
Test 2. In the previous test we observed that the performance of Racer depended on the
number of property instances, even if these are not mentioned in concept definitions. Hence,
in this test we wanted to see whether smaller number of properties, but larger number of
property instances will make a difference. The ontology structure from Test 1 was extended
with a fixed number of properties. Each instance was connected with the previously generated
instance through one property. The test was performed for D = 3, 4, 5; NS = 5; NI = 10; P =
211. Query answering was performed using magic sets transformation.
Test 3. The goal of this test was to test answering a simple conjunctive query. The ontology
structure was identical to the one from Test 3, but the query was c 1 u ∃p0 .c12 . The test for
performed for D = 3, 4; NS = 5; NI = 10; P = 3. Query answering was performed using magic
sets transformation.
Test 4. The goal of this test was to see how large number of disjunctive axioms are handled.
The ontology structure was an inverse tree of concepts where j-th concept at level i was defined using the following axiom: ci,j v ci−1,j t ci−1,j+1 . Hence, the ontology had lots of
disjunctions which weren’t relevant for the query. The query involved computing the extension of concept c3,1 . Query answering was performed without the magic sets transformation,
since the intention was to compare only the performance of handling disjunctions.

Test 5. The goal of this test was to compare both tools on a concrete ontology. We used
a simple ontology describing relationships between documents, processes and persons that
we built in one of our industry projects. The ontology was small: it contained 24 concepts,
29 properties and 513 instances. To the best of our efforts we were unable to obtain a larger
ontology which is generated by people (rather than converted from some existing data source).
Also, in this test we didn’t include any disjunction or negation. The query involved computing
an extension of one concept and resulted in 12 instances. Query answering was performed
using the magic sets transformation, since we wanted to show how ontologies in the Horn
subset can be handled efficiently using existing techniques.
Test 6. The goal of this test was to compare both tools on a concrete ontology but containing
disjunctive information. We extended the ontology from test 5 with a couple of integrity constraints, axioms having disjunction in the head and axioms involving negation. Also, we added
automatically generated instances to the ontology, so it contained 25 concepts, 29 properties
and 1314 instances. The query involved computing an extension of one concept and resulted
in 484 instances. Query answering wasn’t performed using the magic sets transformation –
we analyzed the efficiency of magic sets in a separate test.
Test 7. In this test we analyzed the potential in applying the (disjunctive) magic sets transformation to improve query answering. Hence, we repeated test 4, but computed extension
of concepts at different levels in the tree. By this we wanted to show that magic sets are
most effective for identifying the part of the ontology relevant for the query and evaluating
the query only in this segment of the ontology. By increasing the depth, the relevant part of
the ontology increased, so magic sets transformation has less effect. Finally, at some point
magic sets actually introduced an overhead, rather than improving the performance.

3.3

Discussion

From the results one can observe that the performance of Racer in all tests is significantly
worse than the performance of KAON. We anticipate that this is mainly due to the fact that
tableau reasoning procedure provides a proof or a refutation for one concept-instance pair,
whereas bottom-up computations works with sets of instances.
With respect to the disjunctive queries, we anticipate that ordering refinement of hyperresolution has significant influence on improving the performance. This optimization basically
allows us not to have to compute entire minimal models, but to work only with parts of models
leading to the answer of the query.
Finally, one may see that magic sets are a promising technique in optimizing query answering. This is especially true if queries are localized to a subset of the ontology – magic
sets can efficiently select the relevant part of the ontology. Another important aspect of magic
sets optimization, namely sideways information passing, is less important in management of
description logics: most predicates are unary, so passing of bindings occurs less often.

4 Related Work
Our work conceptually follows from the relationship between description logic and FOL [2].
An axiomatization of DAML+OIL, the precursor of OWL, was given in [8]. Their axiomati-
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zation language is the Knowledge Interchange Format (KIF), so the axiomatization is not directly executable using logic programming systems, but a theorem prover is needed. Because
of that, application of optimization techniques, such as magic sets, is not straight-forward.
Several systems, such as CARIN [16] or AL-log [6], attempted the integration of description logic with datalog rules. These systems don’t provide a translation of one formalism into
another. Rather, they investigate which primitives from both formalisms can be successfully
combined, resulting in a decidable system. Both systems rely use tableau.
There were several attempts at providing methods for integrating description logics reasoners with other systems storing information about instances. In [3] an approach for translating description logic concepts descriptions into SQL queries has been presented. A similar,
more general framework for translating description logics into queries over different information servers was presented in [5]. Both approaches are based on the CLASSIC [17] description
logics, which is weaker in expressivity than ALC . In particular, it doesn’t allow usage of disjunction and negation. Further, both approaches mention the problem that some rules might
be translated to unsafe queries, but present no solution.

5 Conclusion
Motivated by the prospects of answering queries over description logics using disjunctive
deductive databases, we have presented the operator µ that translates any ALC knowledge
base to a disjunctive deductive database. Our approach is currently applicable to cases where
existential quantifiers symbols don’t occur in heads of axioms of cyclical definitions. We
implemented a prototype system and have experimentally compared performance of our approach with that of traditional description logic systems. We have found out that for usual
description logics databases our approach behaves on the orders of magnitude better.
In future we primarily plan to address the problem of function symbols in recursive rules.
Further, we’d like to extend our translation with equality, which will enable us to capture
cardinality constraints – another very expressive feature of many description logics. Also, we
are interested in investigating how non-monotonic features, such as default inheritance, can
be added to description logics in this framework.
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