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Abstract

Subsumption in the description logic (DL) ££ is known to be tractable even when it is
done with respect to the most general form of terminology, namely a set of general inclu-
sion axioms (GCIs). Recently, this tractability boundary has been clarified by identifying
DL constructors that causes intractability of subsumption when added to ££ and that do
not. These results provide us with a characterization of the complexity of subsumption
for the £L family of DLs (i.e., ££ and its extensions).

Besides subsumption, there are other standard reasoning problems studied in DL.
Among them, the instance checking problem is the most basic reasoning problem that is
concerned with deriving implicit knowledge about individuals in a DL knowledge base.
Such a knowledge base consists of an intensional part in the form of a terminology (TBox)
and an extensional or data part in the form of assertions about particular individuals in
the domain of the knowledge base (ABox). Like other reasoning problems, complexity of
instance checking is usually measured in the size of the whole input—thus called combined
complexity—which, in this case, consists of a TBox, an ABox, a query concept and an
individual name. On the other hand, it is common to assume that the data (ABox) is
very large compared to the TBox and the query. Therefore, it is often more realistic to
use a complexity measure based only on the size of the ABox, i.e., data complexity.

For the £L family, results for the combined complexity of instance checking can be de-
rived from the complexity results for subsumption. But results which are concerned with
data complexity are still lacking. This motivates us to investigate the data complexity
of instance checking in the £L£ family. In particular, we are interested in whether there
are extensions of ££ which are intractable regarding combined complexity, but tractable
regarding data complexity.

The first part of this thesis establishes coNP-hardness (and even coNP-completeness)
results regarding data complexity of instance checking w.r.t. sets of GClIs for extensions of
EL with negation, disjunction, value restriction, number restriction and role constructors
such as role negation, role union and transitive closures. The lower bounds of data
complexity for these DLs are proved by polynomial reductions from the complement of
2+2-SAT, a variant of propositional satisfiability problem which is NP-complete, whereas
the upper bounds follow from known results of data complexity for ALC and SHZO.

The second part identifies an extension of EL called ELZ, for which data complexity
of instance checking w.r.t. sets of GCIs is tractable. The DL ££Z/ is obtained from ££
by adding inverse roles and global functionality. This result is interesting since adding
only one of those two constructors leads to intractability of reasoning w.r.t. combined
complexity. The result is derived by giving an algorithm that decides instance checking
in ELZ7 w.r.t. sets of GCIs and runs in time polynomial in the size of the input ABox.
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Chapter 1
Introduction

Knowledge Representation (KR) is one of the most prominent subfield in Artificial In-
telligence (AI). Research in KR is mainly focused on building systems that possess the
ability to find implicit consequences from explicitly represented knowledge. Such systems
are known as knowledge-based systems [Nardi & Brachman, 2003].

One of the earliest approaches was the use of network-based structures [Lehmann, 1992],
such as semantic networks |Quillian, 1968] and frames [Minsky, 1974]. This approach
aimed at representing sets of individuals and their relationship by means of the structure
of the network. The intuition was that, with such structures, representation could be
done in a simple way, and reasoning would be efficient.

Both semantic networks and frames were based on the use of graphical interfaces in
which knowledge is represented with the help of ad-hoc data structures and the reasoning
is accomplished by similarly ad-hoc procedures which manipulate the data structures.
Initial attempts on realizing these formalisms suffered from the lack of precise semantic
characterization. Due to this weakness, one cannot guarantee the same behavior of two
KR systems which are built from identical-looking components and identical relationship
names. This gave rise to the line of research on providing a semantics for such repre-
sentation structures in such a way that ease of representation and efficiency of reasoning
could still be retained.

The first important step in this direction was the recognition that frames could be
given semantics relying on first-order logic [Hayes, 1979|. Further investigations showed
that frames and semantics networks could indeed be regarded as fragments of first-order
logic and different features of the representation language would lead to different frag-
ments of first-order logic [Brachman & Levesque, 1985]. Consequently, one could develop
specialized reasoning techniques without necessarily requiring the power of general first-
order logic theorem provers. Furthermore, reasoning in different fragments of first-order
logic leads to different problems in computational complexity. This became the origin
of the research on description logics that was originated from the work on the KL-ONE
system |Brachman & Schmolze, 1985].

1.1 Description Logics

Description logics (DLs) [Baader et al., 2003] are a family of logic-based knowledge rep-
resentation formalisms designed to represent and reason about conceptual knowledge.
As a family of logical formalisms, DLs are equipped with a well-defined—usually Tarski



style, extensional—semantics and provide a logical basis for interpreting objects (or in-
dividuals), classes of objects (or concepts), and relationships between objects (or roles).
A particular DL is typically characterized by the set of constructors with which complex
concept descriptions can be built from atomic concept names and role names. For exam-
ple, ALC (Attributive Language with Complement) [Schmidt-Schauf & Smolka, 1991] is
the smallest propositionally closed Description Logic. It provides all Boolean operators,
value restriction, i.e., universal restriction, and existential restriction. The following is
an ALC-concept which describes fathers who has at least two children: a son and a
daughter, and all the children are rich, using concept conjunction (M), negation (—), and
value restriction (V) and existential restriction (3) over the role has_child.

Male M Jhas__child.Male M 3has_ child.~Male M Vhas_ child.Rich

Semantically, concepts are given a set-theoretic interpretation. More precisely, con-
cepts are interpreted as sets of individuals and roles are interpreted as binary relations.
Each DL constructor denotes a particular set construction giving a set of individuals
from sets of individuals denoted by concepts and roles on which the constructor is ap-
plied. For example, concept conjunction is interpreted as set intersection and negation
is interpreted as set complement. [Nardi & Brachman, 2003|. All individuals come from
the domain of interpretation which can be chosen arbitrarily and can be infinite. The
non-finiteness of the domain and the open-world-assumption are important features of
DLs in comparison to modeling languages studied in databases |Baader & Nutt, 2003;
Borgida et al., 2003; Sattler et al., 2003|.

Description Logics Knowledge Base: TBox and ABox

The knowledge base of a DL system is made up of two components, namely a terminolog-
ical component or TBox and an assertional component or ABox [Baader & Nutt, 2003].
A TBox is given in the form of a terminology (hence the term “TBox”) which contains
intensional knowledge (or general knowledge) of the problem and describes properties of
concepts that hold in general over the domain. In contrast, the ABox contains exten-
sional knowledge or assertional knowledge (hence the term “ABox”) which is basically
knowledge that is specific to individuals in the domain of the problem.

A TBox is a set of declarative statements. These statements come in two forms, namely
concept definitions and (general) concept inclusions (GCIs). A concept definition is a
statement of the form A = C which defines a concept name A in terms of a possibly
complex concept C. Such a definition is interpreted as logical equivalence and that gives
sufficient and necessary conditions for classifying an individual as a member of the set
denoted by A. A GCI is a statement of the form C' C D over arbitrary concepts C' and
D, which is interpreted as a logical implication. Notably, a concept definition A = C can
be expressed using two GClIs: A C C' and C'C A. Due to this, one can view every TBox
as simply a set of GCls.

In the literature [Baader & Nutt, 2003, one distinguishes different kinds of TBoxes
depending on some syntactic restrictions. The simplest, i.e., the most restrictive ones



are the so-called acyclic TBoxes. An acyclic TBox contains only concept definitions such
that for every concept name, no more than one definition is allowed and additionally, the
TBox itself has no terminological cycle (thus the term “acyclic”). A terminological cycle
occurs whenever a concept name is defined directly or indirectly in terms of itself. If we
drop the acyclicity restriction, then the TBoxes are called cyclic TBoxes. Finally, the
most general form of TBoxes are the so-called general TBoxes which may contain GCls.
As an example, consider the following TBox that formalizes some knowledge about rela-
tionships between people, where | is interpreted as the empty set. Besides constructors
mentioned in the previous example, the following example also uses disjunction (LJ) which
is interpreted as set union.

Human = Male LI Female
Parent = Human M 3has__ child.Human M Vhas__ child.Human
Father = Parent ' Male
Mother = Parent I Female
Husband = Male M Jdmarried to.Human M Vmarried to.Female
Wife = Female M dmarried to.Human M ¥married to.Male
MarriedHuman = Husband U Wife
Male M Female C L

The first seven statements in this example introduce Human, Parent, Father, Mother,
Husband, Wife and MarriedHuman in terms of of other concepts. The last statement
introduces the disjointness of concepts Male and Female.

An ABox is a set of assertions which formalizes (parts of) a specific situation involving
certain individuals. Every assertion asserts a fact about one or more individuals denoted
by individual names. There are two forms of assertions which can be expressed in an
ABox, namely concept assertions and role assertions. A concept assertion is an assertion
of the form C(a) stating the fact that the individual denoted by the individual name a
belongs to the set denoted by the concept C. A role assertion is a statement of the form
r(a,b) asserting the fact that the individual a is related to the individual b via the role r.
The following is an example of an ABox which gives a partial description of a particular
family. In this example, ANDRE, STEFFI and JAZ are individual names.

(Male 1 Parent)(ANDRE), Wife(STEFFI), married to(STEFFI, ANDRE),
has_child(STEFFI,JAZ), has_child(ANDRE, JAZ)

Reasoning in Description Logics

As a KR formalism, DLs are useful not merely for representing knowledge of a particular
domain, but also for reasoning about that represented knowledge, i.e., deriving implicit
knowledge from the knowledge that is explicitly stated in the knowledge base. In the
literature [Baader & Nutt, 2003], there are several reasoning tasks for DLs that have
been considered. Among others, the following ones are considered as basic reasoning



tasks: concept satisfiability, subsumption, knowledge base consistency (satisfiability), and
instance checking. All these problems are casted as decision problems and take a knowl-
edge base as their input. In addition to the knowledge base, concept satisfiability and
subsumption respectively take one and two input concepts, whereas instance checking
take an input concept and an individual. Concept satisfiability decides whether there
is an interpretation satisfying the knowledge base which interprets the given concept
as a nonempty set. Subsumption decides whether for every interpretation that satisfies
the knowledge base, every instance of the first concept is also an instance of the sec-
ond concept. Knowledge base consistency simply determines if there is an interpretation
satisfying the knowledge base. Finally, instance checking decides whether for every inter-
pretation satisfying the knowledge base, the input individual is an instance of the input
concept.

Out of those four basic reasoning tasks, concept satisfiability and subsumption are the
reasoning tasks for which ABoxes have no effect [Buchheit et al., 1993; Nebel, 1990a].
For the other two problems, ABoxes does affect reasoning. Knowledge base consistency
typically concerns with the interaction between TBox and ABox in the knowledge base,
whereas instance checking is the basic reasoning task for deriving implicit knowledge
about individuals in the knowledge base [Schaerf, 1993]. It is well-known that concept
satisfiability, subsumption and knowledge base consistency can be reduced to instance
checking [Donini et al., 1994]. In addition, there is another reasoning task that can be
viewed as a generalization to instance checking, namely query answering or retrieval.
Query answering is the reasoning problem that can be stated as follows: “given a concept
and a knowledge base, find all instances of the given concept in the knowledge base”. It
is easy to see that query answering can be reduced as a set of instance checking tests and
conversely, instance checking can be seen as a special case of query answering involving
only one individual. Due to all these reasons, we focus on instance checking as the main
theme for this thesis.

Complexity Analysis in Description Logics

When analyzing a reasoning problem in DL from a theoretical point of view, one is
interested in finding the exact worst-case complexity of the problem and devising an
algorithm for solving the problem such that its computational complexity match the
worst-case complexity of the problem [Tobies, 2001]. The standard notion of complexity
which is usually considered in the literature is measured in the size of the whole input
of the reasoning problem of interest. For many cases, this standard notion is sufficient
for characterizing the complexity of the problem and providing a good measure of the
performance of the algorithm for solving the reasoning problem in the context.
However, for instance checking whose input consists of a TBox, an ABox, a query
concept, and an individual name, one can also consider a complexity measure that is
based only the size of the ABox. For applications in which the size of the ABox is much
larger than the size of the TBox and the query concept, this complexity notion can give
a more realistic measure of the difficulty of the problem of instance checking, and the
performance of algorithms for solving it [Calvanese et al., 2006; Hustadt et al., 2005].



This above distinction between different complexity notions for instance checking is
analogous to the way complexity of query answering is characterized in the database
theory. In fact, there is a clear correspondence between querying a relational database
and instance checking as a basic form of querying a DL knowledge base. In the problem
of querying a relational database, one considers the input of the problem to consist of
one part that constitutes the data and another part that constitutes a query expression.
Moreover, in such situation, the data must obey a kind of structure in the form of database
schema. In the context of instance checking in DLs, the ABox and the TBox can be seen
respectively as the data and the schema part, whereas the query concept corresponds
to the query expression in database. Note that though, in the context of database, the
schema is always considered fixed for any situation of database query, whereas in the
context of DLs, the TBox may vary and thus, unlike database schema, is considered as
part of input of the problem.

For complexity analysis in querying a relational database, one distinguishes between
combined complexity which is measured in the size of the whole input, i.e., the data and
the query expression, data complexity which is measured only in the size of the data and
query complezity which is measured only in the size of the query [Vardi, 1986]!. There,
data complexity is used as a more realistic performance measure for cases when the size
of data is much larger than the size of the query. Likewise, query complexity is a more
realistic performance measure for cases in which the size of query expression is much
larger then the size of the data.

By taking into account the correspondence between DL knowledge base and database,
those complexity notions from database theory described above are borrowed to charac-
terize the complexity of instance checking. Thus, we use the term combined complexity
for the standard notion of complexity of reasoning in DL that is usually considered in
the literature, data complexity for the complexity measure that is based only on the size
of the ABox, and query complexity for the complexity measure that is based only on the
size of the query concept. Note that since the schema is always fixed in database, no
complexity measure is based only on the size of schema. Hence, no particular term is
used for complexity measure that is based only the size of the TBox.

For application of DLs, the analogy to database theory described above is interesting
because the idea of using ontologies (knowledge bases), as a conceptual view over data
repositories is becoming more popular recently. For example, this is used in Enterprise
Application Integration Systems, Data Integration Systems |Lenzerini, 2002| and The Se-
mantic Web [Heflin & Hendler, 2001, where the data consists of instances of ontologies
and its size is typically very large compared to the size of the intentional level of ontolo-
gies. For this reason, the notion of data complexity is also important to DL research and
considered in this thesis.

Finally, note that, despite a close correspondence between DL knowledge bases and
relational databases explained above, there is an important difference between them.
In a database, the closed world assumption is typically assumed, thus admitting only a
single model [Reiter, 1984]. This is in contrast to DL knowledge bases. A DL knowledge

n [Vardi, 1986], query complexity is actually called expression complezity



base typically assumes the open world assumption as first-order theory, thus admitting
an arbitrary (possibly infinite) number of models. This is the reason why reasoning in
DL is intractable in many cases, whereas querying a relational (physical) database is
polynomial w.r.t. data complexity [Schaerf, 1994].

In addition, we also do not consider the notion of query complexity for analysis in this
thesis. This is due to the fact that cases in which the size of knowledge base is negligible
compared to the size of the query concept are uncommon in applications.

1.2 The ££ Family and Data Complexity: Previous Results

For historical reasons, DLs with (qualified) existential restriction (3r.C') but not value
restriction (Vr.C') were not until recently explored |[Baader et al., 2005a]. The reason was
that in early DLs which were rooted in semantics networks and frames, it was decided that
arcs in semantic networks and slots in frames should be perceived as value restrictions
rather than existential restrictions. This was also the reason why the search for tractable
DLs (DLs for which reasoning is polynomial-time decidable w.r.t. combined complexity)
which was started after the first intractability results were shown in the 1980s [Brach-
man & Levesque, 1984; Nebel, 1988| was focused on extending the basic language F L
which allows for the top-concept, conjunction and value restriction. For the subsumption
problem without terminologies, the tractability barrier was investigated in detail in the
early 1990s [Donini et al., 1991]. However, further investigations showed that although
FLy is tractable without TBoxes |[Brachman & Levesque, 1984], it is intractable when
terminologies are involved, as it is coNP-complete for acyclic TBoxes [Nebel, 1990b],
PSpACE-complete for cyclic TBoxes [Baader, 1996] and EXpPTIME-complete for general
TBoxes [Baader et al., 2005a].

On the other hand, the DL £L which allows for the top-concept (T), conjunction
(C M D) and existential restriction (Ir.C) is a simple DL for which subsumption is
tractable w.r.t. acyclic and cyclic TBoxes |[Baader, 2003b] and even w.r.t. general TBoxes
[Brandt, 2004b]. This tractability of ££ also holds for instance checking w.r.t. acyclic
and cyclic TBoxes [Baader, 2003a] and w.r.t. general TBoxes [Brandt, 2004a].

These results motivated investigations of the EL family, i.e., DLs which are obtained by
extending £L using various DL constructors. Recent results in [Baader et al., 2005a,b]
presented the “largest” extension of ££ with standard DL constructors for which the
subsumption problem can be decided in polynomial time even in the presence of GCls.
This DL, named ELTT, is defined by extending ££ with the bottom-concept, nominals
and concrete domains. Furthermore, an ££1 terminology allows not only GCIs but also
statements called role inclusion. In addition, Baader et al. [2005a,b| also identified some
intractable extensions of £L£ which include extensions with negation, disjunction, value
restriction, number restrictions, functionality, inverse roles, role negation, role union, and
transitive closures. For all of the aforementioned extensions of £L£, subsumption w.r.t.
general TBoxes were proved to be EXPTIME-complete.

The choice of investigating £L£ and its extensions is also based on the fact that there
are applications where the expressive power of ££ or small extensions thereof appear



to be sufficient. For example, the Systematized Nomenclature of Medicine (SNOMED)
[Cote et al., 1993] corresponds to an acyclic E£ TBox [Spackman, 2001]. Large part of
the medical knowledge base GALEN is actually expressible in ££ with GClIs and transi-
tive roles [Rector & Horrocks, 1997|. Finally, the Gene Ontology |[The Gene Ontology
Consortium, 2000] can actually be viewed as an acyclic ££ TBox with one transitive role.

Concerning data complexity, there are some previous results that are worth mentioning
here. One of the earliest quite comprehensive treatment of data complexity in DLs was
given in the PhD thesis from Schaerf [1994]. In Schaerf’s thesis, combined complexity
and data complexity were analyzed for extensions of the DL F L™, the DL that provides
conjunction, value restriction, and unqualified existential restrictions (3r.T). These in-
clude the DL AL which is obtained from FL~ by adding the top-concept, the bottom
concept and negation of concept names (atomic negation), as well as extensions of AL
with qualified existential restrictions, disjunction, (full) negation, number restrictions,
nominals, role conjunction, role chain, inverse roles, and role filler. Two more recent
papers about data complexity in DLs are due to [Hustadt et al., 2005] and [Calvanese
et al., 2006]. Hustadt et al. [2005]’s paper dealt with data complexity of reasoning in
the DL SHZ Q, an extension of the DL ALC with transitive roles, role hierarchy, inverse
roles and qualified number restrictions, whereas the paper from Calvanese et al. [2006]
studied the data complexity of conjunctive query answering for the family of DL-Lite
languages and its polynomial tractability boundaries.

1.3 Objective and Structure of the Thesis

This thesis aims to map out the data complexity of instance checking in the ££ family
of DLs. We basically present two kinds of results. First, we derive several intractability
results regarding the data complexity of instance checking w.r.t. general TBoxes in the
EL family. More precisely, we identify a number of extensions of ££ for which instance
checking w.r.t. general TBoxes may be harder than polynomial regarding data complex-
ity. Second, we provide a tractability result on the data complexity of instance checking
w.r.t. general TBoxes in the ££ family. We identify an extension of £L£ for which data
complexity of instance checking w.r.t. general TBoxes is polynomial. In order to prove
this result, we present an algorithm deciding instance checking that runs in time poly-
nomial in the size of the input ABox. The subsequent chapters are thus organized as
follows.

In Chapter 2, we introduce the syntax and semantics of ££ along with additional
constructors which are used to define several extensions of ££. Next, we introduce DL
knowledge bases together with their standard semantics. Thereafter, we introduce the
reasoning tasks and notions of complexity measures, especially instance checking and the
notion of data complexity.

In Chapter 3, we present several intractability results for the ££ family with respect to
data complexity. More precisely, we show coNP-hardness (and even coNP-completeness)
regarding data complexity of instance checking w.r.t. general TBoxes in several extensions
of ££ which include extensions with negation, disjunction, value restriction, number



restrictions, and some role constructors: role complement, role union and transitive
closures. The method to derive coNP-hardness is adapted from the method used by
[Schaerf, 1993] to derive coNP-hardness of data complexity in ALE. Whereas, for the
coNP upper bound, we use the result from [Hustadt et al., 2005] which established coNP-
completeness regarding data complexity of instance checking for DLs providing at least
the constructors from the DL ALC and at most the constructors from the DL SHZ Q.

Chapter 4 is dedicated to EL£Z7, the extension of ££ with inverse roles and global
functionality. We show that in this DL, data complexity of instance checking w.r.t.
general TBoxes is polynomial. To obtain this result, a sound and complete tableau
algorithm that decides instance checking in ££Z7 and runs in time polynomial in the
size of the input ABox is presented. This result is interesting because adding either
inverse roles or global functionality yields to an EXPTIME-completeness of subsumption
w.r.t. general TBoxes |[Baader et al., 2005a,b].

Finally, we summarize this work in Chapter 5. There, we also discuss possible further
work related to the main subject of this thesis.



Chapter 2

General Framework

In this chapter, we present the £ L-family of description logics. We start with introducing
the syntax and semantics of the DL £L£ and its extensions. Then, we introduce DL
knowledge bases. Finally, we introduce inference problems and complexity measures
which are relevant for this work. In particular, we focus on the instance checking problem
and the notion of data complexity.

2.1 The £L family

We introduce the syntax and semantics of the DL ££ and subsequently, present various
constructors which can be used to extend £L into other members of the ££ family.

Definition 2.1 (Syntax of £L-concepts)
Let Nc and Ng be disjoint sets of concept names and role names. The set of €L-concept
descriptions (or EL-concepts) is the smallest set that is inductively defined as follows:

e cach A € N¢ is an (atomic) £L-concept;

o if C,D are £L-concepts and r € Nr is a role name, then the top-concept T, the
conjunction C' T D and the existential restriction 3r.C' are also £L-concepts. o

Definition 2.2 (Semantics of £L-concepts)

An interpretation Z = (AZ, 1) consists of a domain AT and an interpretation function
L. The domain A7 is simply a nonempty set and its elements are called individuals. The
interpretation function -Z maps each concept name A € N¢ to a subset AZ C AT and
each role name r € Ng to a binary relation 77 C AT x AT. For a role r, we say that
y is an 7-filler of & whenever (z,y) € rZ. The interpretation function - is inductively
extended to nonatomic concepts as follows:

T = A?
(cnD? =ctnD*
(3.0 ={z e AT | y: (z,y) e Ay e CT)
A concept C' is satisfiable iff there is an interpretation Z such that CT % (. In this
case, we say that Z is a model of C. A concept C is subsumed by a concept D (written

C C D) iff for every interpretation Z, C* C D?. Two concepts C,D are equivalent
(written C = D) iff CC D and D C C. o



Name Syntax | Semantics

bottom 1 0

negation -C AT\ C*

disjunction cubD | ctuDt

value restriction vr.C | {ze AT |Vyec AL: (z,y) €t — yc CF}
at-least restriction | (>nr) | {z € AT | #{y € AT | (x,y) € vt} >n}
at-most restriction | (< nr) | {z € AT | #{y € AT | (x,y) € vt} <n}

Table 2.1: Syntax and semantics of various concept constructors

Name Syntax | Semantics

inverse roles r {(y,z) € AT x AT | (z,y) € T}
role complement - (AT x AT\ rT

role union rUs rf U st

transitive closure rt Ups1(r5)"

Table 2.2: Syntax and semantics of various role constructors

Several extensions of ££ can be obtained by adding various constructors given in
Table 2.1 and Table 2.2 to ££. In these tables, C, D denote possibly complex concepts,
r, s are possibly complex roles, n is a nonnegative integer and x,y are individuals. For a
set S, #S denotes the cardinality of S.

For example, let Human, Female and Rich be concept names, and has_child a role
name. The first concept below is expressed in £L£ and describes the notion of “parent”.
The other concepts are expressed in extensions of £L£ with various constructors presented
in Table 2.1 and Table 2.2. They respectively describe the notion of “parent of a son”,
“parent who has a child that is either female or rich”, “parent who has only rich children”,
“parent who has precisely two children”, “person who has a rich parent”, and “person
whose one of his decendants (children, grandchildren, etc.) is rich”.

Human M dhas_ child.Human

Human M Jhas_ child.(Human 1 —Female)
Human 1 Jhas_ child.(Female U Rich)

Human M Jhas_ child.Human M Vhas_ child.Rich
Human 1 (> 2 has_ child) M (< 2 has_ child)
Human M Jhas_ child™.Rich

Human M 3has_ child™.Rich
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2.2 Description Logic Knowledge Base: TBox and ABox

We first introduce the intensional component of a description logic knowledge base, called
the TBox. A TBox describes how concepts are related to each other.

Definition 2.3 (TBox)

A terminological axziom is an expression of the form A = C (called concept definition) or
C C D (called general concept inclusion (GCI)), where A is a concept name and C, D
are concepts. A (general) TBox is a finite set of terminological axioms. Let 7 be a
TBox that contains only concept definitions. We say that 7 contains multiple definitions
iff there are two distinct concepts C7 and Cs such that both A = C; and A = (s
belong to 7. We also say that 7 contains a terminological cycle iff there is a subset

{A1=0C4,..., A, = C,} C 7T such that
e A;i1 appears in Cy, for 1 <14 <n, and
e A; appears in C),.

7T is called an acyclic TBox iff it contains no multiple definition and no terminological
cycle.

An interpretation Z satisfies a concept definition A = C iff AT = CT and a GCIC T D
iff T C D*. 1t satisfies a TBox T iff it satisfies every concept definition and GCI in 7.
In this case, 7 is satisfiable and we say that Z is a model of 7T .

A concept C'is satisfiable w.r.t. a TBox T iff there is a model Z of 7 such that CT # (.
A concept C' is subsumed by a concept D w.r.t. a TBox T iff CT C D? for every model
T of T. Two concepts C, D are equivalent w.r.t. a TBox T iff CT = D? for every model
TZof T. O

Note that, due to the semantics, every concept definition A = C' can be expressed by
two GCIs: A C C and C C A. Next, we introduce the ABox, the extensional component
of a description logic knowledge base. An ABox describes a specific state of an application
domain in terms of concepts and roles. It makes particular individuals explicit by giving
them names and asserting their properties using concepts and roles.

Definition 2.4 (ABox)
Let Ny be a set of individual names. An assertional axiom is an expression of the form
C(z) (called concept assertion) or r(x,y) (called role assertion), where z,y € N; are
individual names, C' a concept and r a role. A concept assertion is called simple if it is
either of the form A(z) or of the form —A(z) (when negation is allowed in the language)
where A is a concept name. A role assertion is called simple whenever it is of the form
r(z,y) with r a role name, i.e., not a complex role expressions. An ABoz A is a finite set
of assertional axioms. Here, A is called simple whenever all of its assertions are simple.
For the semantics, we require every interpretation additionally, to map each individual
name = € N; to an element zZ € AZ. An interpretation 7 satisfies a concept assertion
C(z) iff 27 € CT and it satisfies a role assertion r(z,y) iff (27,y%) € r. It satisfies an
ABox A iff it satisfies every assertional axiom in A. If such an interpretation Z exists,
then we say that A is satisfiable and we say that 7 is model of A. o
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In this work, we shall assume that all ABoxes are simple. The motivation is that
ABoxes are viewed as data which is typically not expressed using arbitrary concept
descriptions in many applications. This situation is similar in relational database theory
where one never finds arbitrary (query) expressions as part of the data itself. Besides,
with this assumption, terminological knowledge is strictly separated from assertional
knowledge, and thus, the size of ABox is the measure of “raw” data involved in the
applications [Hustadt et al., 2005]. Finally, given a TBox and an ABox, one can combine
them to obtain a description logic knowledge base.

Definition 2.5 (Knowledge Base)

A knowledge base (KB) K = (7, .A) consists of a TBox 7 and an ABox .A. An interpre-
tation Z satisfies KC iff 7 is a model of both 7 and A. In this case, K is satisfiable and
we say that 7 is a model of K.

A concept C' is satisfiable w.r.t. a knowledge base K iff there is a model Z of K such
that CT # (). A concept C is subsumed by a concept D w.r.t. a knowledge base K iff
C*T C D? for every model 7 of K. Two concepts C, D are equivalent w.r.t. a knowledge
base K ifft CT = D? for every model T of K. o

From here on, given a knowledge base K (or a TBox 7 or an ABox A depending on
the context), I = ¢ denotes the statement “every model of K satisfies ¢” where ¢ can
be a concept C, a statement of equivalence C' = D, a statement of subsumption C' T D
or an assertion (C'(x) or r(z,y)). When ¢ is the bottom-concept L, the statement is a
shorthand for “/C is unsatisfiable”.

2.3 Reasoning Services and Complexity Measures

The purpose of a knowledge representation system based on description logics is not
merely storing concept definitions and assertions [Baader & Nutt, 2003]. The semantics
possessed by the knowledge base — comprising TBox and ABox — makes it equivalent
to a set of axioms in first-order predicate logic. Hence, it contains implicit knowledge
that can be made explicit through inferences. There are various inferences which form
reasoning services of a DI-based knowledge representation system. Some of them which
are considered standard in the literature [Baader & Nutt, 2003| are given below.

Definition 2.6 (Standard Reasoning Services)
Given a knowledge base K, two concepts C' and D, and an individual a, we call:

e Concept satisfiability, the problem of deciding whether C' is satisfiable w.r.t. K, i.e.,
whether K £ C = L.

e (Concept) subsumption, the problem of deciding whether C' is subsumed by D w.r.t.
KC, i.e., whether K = C C D.

e Knowledge base satisfiability (consistency), the problem of deciding whether K is sat-
isfiable, i.e., whether IC & L.
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e Instance checking, the problem of deciding whether the assertion C(a) is satisfied in
every model of I, i.e., whether K |= C(a). o

In this thesis, we single out instance checking as the basic reasoning service. It is
known that all other basic reasoning services can be reduced to instance checking. More
precisely, for a knowledge base K = (7,.A), two concepts C, D, and an individual a, we
have

(T,AEC=1L < (T, AU{C(a)}) } L(a)
(T,A)FCED < (T,AU{C(a)}) F D(a)
(T, AL = (T.A) I L)

This means that concept satisfiability and knowledge base consistency can be reduced to
the complement of instance checking, provided that the language can express the bottom
concept. In addition, we also have that subsumption can be reduced to instance checking.
It thus follows that instance checking is at least as hard as the other reasoning problems,
even strictly harder in some DLs [Schaerf, 1993].

On the other hand, if the DL allows for negation, instance checking can be reduced to
the complement of satisfiability, since (7,.A) = C(a) iff (7, AU —=C(a)) is unsatisfiable.
One can also perform instance checking by combining a technique called abstraction
together with subsumption. Abstraction consists of retrieving all concept and role as-
sertions relevant to a and collecting them into a single concept. The instance checking
(T, A) = C(a) is then solved by testing whether C' subsumes the concept obtained from
abstraction [Nebel, 1990a; Schaerf, 1993|.

Another reasoning problem which is closely related to instance checking is the problem
of query answering or realization. Given a knowledge base K and a concept C, query
answering is the problem of finding all individual names z such that zZ € C7 for every
model Z of IC. It thus is clear that query answering is essentially a finite set of instance
checking tests. Moreover, instance checking can be seen as query answering with only one
individual name. Hence, instance checking should be regarded as the central reasoning
task for drawing conclusions upon individuals in knowledge bases.

For computational complexity, we use standard notions from complexity theory as pre-
sented in [Papadimitriou, 1994]. In particular, we will speak about the complexity classes
P, NP, PSpacCE and ExPTIME. The complexity class P (resp. PSPACE, EXPTIME) is
the class of all decision problems that can be solved by a deterministic Turing Machine
(TM) in polynomial time (resp. polynomial space, exponential time). NP is the class of
all decision problems that can be solved by a nondeterministic TM in polynomial time.
For a complexity class C, the class coC is the set of problems whose complement is in C.

Given a complexity class C, a problem P; is said to be C-hard if for every problem
Py in C, there is a reduction from P, to P, which is computable in polynomial time. A
C-hard problem is said to be C-complete if it also belongs to C.

The complexity of a problem is generally measured with respect to the size of its
whole input. However, for instance checking, there is more than one piece of input
that is given, namely the knowledge base which comprises the TBox and the ABox, the
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concept representing the query (query concept) and the individual. Here, the size of an
individual is always constant, thus can be ignored. This leaves us with the size of TBox,
the ABox and the query concept. Depending on which part of the input that dominates
the overall size of the input, we may consider different kind of complexity measures,
analogous to what has been suggested in [Vardi, 1986 for querying relational databases.

From here on, unless stated otherwise, we use | - | to denote the size function, i.e. the
function which returns the size of its argument. In particular, the size of a concept C,
a propositional formula ¢, a TBox 7 and an ABox A are all defined as the number of
symbols that are needed to write down C, ¢, 7 and A respectively. For a knowledge
base K = (7, .A), we define |K| = |T| + |A|. For the instance checking problem, i.e., the
problem of deciding whether (7, .A) = C(a), we call:

e data complexity, the complexity of instance checking w.r.t. |A[;
e query complexity, the complexity of instance checking w.r.t. |C|;

e combined complezity, the complexity of instance checking w.r.t. |7+ |A| +|C| + |a| =~
7]+ Al +]C].

There is a clear correspondence between querying DL knowledge base and querying
relational database. The query concept corresponds to the query, the ABox corresponds
to the data and the TBox corresponds to the database schema, i.e., the structure on
which the data must obey [Hustadt et al., 2005]. However in database terminology,
complexity measures are only based on the size of the data and the size of the query,
and no complexity measure is defined in terms of the schema. The reason is because the
schema is not used when doing query answering in database systems. Therefore, we do
not define a separate complexity measure of instance checking that is based on the size
of the input TBox.

The majority of results on the complexity of reasoning in description logics deal with
combined complexity. In particular, for the £L-family, thorough studies can be found
in |Baader, 2003b; Baader et al., 2005a; Brandt, 2004b|. However, for applications in
which the size of data (ABox) is much larger than both the size of the TBox and the size
of the query concept, data complexity becomes a more realistic measure to the actual
performance of a system. There are notably many applications where such assumption
holds, for example, Enterprise Application Integration Systems, Data Integration Sys-
tems |Lenzerini, 2002], and the Semantic Web |[Heflin & Hendler, 2001]. Motivated by
this assumption, we thus consider data complexity for further investigations.
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Chapter 3

Intractable Extensions of ££ Regarding
Data Complexity

In this chapter, we study the data complexity of instance checking for several extensions of
EL with some common DL constructors, namely negation, disjunction, value restriction,
unqualified number restrictions (only at-least restrictions, or only at-most restrictions or
both) and some role constructors which include role negation, role union and transitive
closures. For the extensions of £L£ with any of the aforementioned constructors, combined
complexity of subsumption w.r.t. general TBoxes is EXpTIME-complete [Baader et al.,
2005a]. In this chapter, we will show that for those extensions of ££, the data complexity
of instance checking is coNP-hard, and even coNP-complete in most cases. The aim here
is to establish coNP-hardness results regarding data complexity of instance checking
w.r.t. general TBoxes. However, except for one case of extension of ££ with at-least
restrictions, coNP-hardness for other cases can be established w.r.t. acyclic TBoxes, or
even without TBoxes at all. Additionally, in order to establish coNP-completeness results
for most cases, we refer to [Hustadt et al., 2005] which established coNP upper bound
(in fact, coNP-completeness) regarding data complexity of instance checking for DLs
providing at least the constructors from the DL ALC and at most the constructors from
the DL SHZ Q.

Note that Calvanese et al. [2006] already provided coNP-hardness results of data com-
plexity of instance checking for some very simple DLs which are sublanguages of exten-
sions of £L with negation, disjunction and value restriction. However, the coNP-hardness
proofs in their paper require general TBoxes to be present. This is in contrast to our
results where the coNP-hardness regarding data complexity for extensions of ££ with
negation, disjunction and value restriction require at most acyclic TBoxes.

We begin the chapter with a coNP-hardness (and thus coNP-completeness) result re-
garding data complexity for two extensions of £L£ with negation: atomic and full negation.
As pointed out by Donini [2003|, coNP-hardness may arise from a query language that
can express both qualified existential restrictions and a pair of concepts such that their
union is equivalent to the top-concept. In the extension of ££ with atomic negation, such
a pair of concepts are A and —A. Together with qualified existential restrictions, they
can express a query concept that requires a sort of case analysis by the reasoner. The
actual technique for showing this coNP-hardness result has been used in [Schaerf, 1993|
to obtain coNP-hardness of instance checking regarding data complexity for ALE by a
reduction from the complement of a variant of propositional satisfiability problem, named
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2+2-SAT. In fact, we can directly use the same reduction to establish coNP-hardness of
instance checking regarding data complexity for extensions of ££ with negation because
Schaerf’s proof only uses qualified existential restriction, conjunction and negation which
are all provided by £L plus negation.

The remaining part of the chapter builds upon Schaerf’s idea to establish coNP-
hardness (and coNP-completeness in most cases) of instance checking regarding data
complexity for other extensions of ££. The idea is to find a pair of concepts that be-
have like the pair A and —A in the extension of ££ with atomic negation, i.e., a pair of
concepts whose union is equivalent to the top-concept. If such a pair of concepts can be
found, then like in £L plus atomic negation, it suffices to use simple ABoxes and suitable
query concepts (no TBoxes) to force a sort of case analysis by the reasoner. However,
as we will see later, we may not always be able to find such a pair of concepts for every
extension of £L considered in this chapter, and therefore, TBoxes may be needed in order
to simulate the behavior of the pair A and —A mentioned above.

3.1 Extensions of ££ with Negation

Let ££7 be the extension of ££ with negation and L) be obtained from EL” by
restricting the applicability of negation to concept names (atomic negation). We show
that the data complexity of instance checking in ELO) s coNP-complete. The coNP
upper bound is derived from the result of [Hustadt et al., 2005 which showed that
for knowledge bases containing simple ABoxes, data complexity of instance checking is
coNP-complete for DLs which provide at least the constructors from ALC and at most
the constructors from SHZQ!, regardless of the TBox formalisms used in the reasoning,
i.e., the coNP lower bound (regarding data complexity) holds without TBoxes and the
coNP upper bound (regarding data complexity) holds w.r.t. general TBoxes. Since £ £0)
is a sublanguage of ALC and £L™ is a notational variant of ALC, the data complexity
of instance checking for both extensions of £L is obviously also in coNP.

It thus remains to show the matching hardness result for E£(7). Here, the coNP-
hardness result will be shown to hold for knowledge bases without TBoxes, by a reduction
from the complement of 2+2-SAT, a variant of the propositional satisfiability problem
(SAT), to instance checking in E£).

We first define the 2+2-SAT problem. Let P be a set of propositional variables and
{true, false} the set of propositional constants. A literal is either an element of P U
{true, false} (positive literal) or negation of an element of P U {true, false} (negative
literal). A (2+2-literal) clause is a disjunction of four literals: two positive and two
negative ones. A 2+2-CNF formula is a conjunction of 242-literal clauses.

A truth assignment is a function that assigns (evaluates) every element of the set
P U {true, false} to an element of the set {0,1}. Here, we use 0 and 1 to distinguish
truth values from propositional constants. Let § be a truth assignment. For propositional
constants, we set 0(true) = 1 and 0(false) = 0. We also have ¢ evaluates a negative

LSHZQ is an extension of ALC with transitive roles, role hierarchy, inverse roles and qualified number
restrictions, see [Baader et al., 2003] for more detail of their syntax and semantics
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literal =p to 0 if (p) = 1, and to 1 if §(p) = 0. For a 2-+2-literal clause C, we define
d(C) = 1 if at least one of the literals of C' is evaluated to 1 by J, otherwise, we define
5(C) = 0. For a 2+2-CNF formula 1, we define §(¢) = 1 if every clause of v is evaluated
to 1 by 0, otherwise, we define ()) = 0. We also say that a clause (formula) is satisfiable
if it is evaluated to 1 by some truth assignment, otherwise we say that the clause (formula)
is unsatisfiable.

Definition 3.1 (2+42-SAT)
2+2-SAT is the problem of deciding whether a given 24+2-CNF formula is satisfiable. ¢

The 2+2-SAT problem is a variant of the well-known 3-SAT problem which is NP-
complete. In fact, a 3-literal clause mixing positive and negative literals can be trans-
formed into a 2-+2-literal clause by adding a fourth disjunct constantly false and an
unmixed 3-literal clause can be replaced with two 24-2-literal clauses by adding a new
variable such that satisfiability is preserved [Schaerf, 1993]. With this transformation,
Schaerf has shown that 2-+2-SAT is also NP-complete like 3-SAT.

Theorem 3.2 (Schaerf [1993])
2+2-SAT is NP-complete. o

We now describe the reduction (also due to [Schaerf, 1993]?) from the complement of
2+2-SAT to instance checking in £ £). In this reduction, it is shown that coNP-hardness
holds even for an ££)-knowledge base without TBox, i.e., only ABox.

Let v = C1A---AC), be a 2+2-CNF formula with m propositional variables p1, ..., pm
and for every t = 1,...,n, C; = ¢; 14+ Vqi2+V —¢i1-Vgi2— With ¢i11,Gi2+,qi1-,qi2— €
{p1,...,pm,true, false}. From 1, we define an EL£5) ABox Ay and a query concept Q.
Ay has an individual p; for each element of {p1,...,pm,true, false}, an individual ¢;
for each clause C; and an individual f for the whole formula 1. A, uses one primitive
concept A and the following role names: Cl, Py, P2, Ny, N».

Ay = {A(true), = A(false),
Cl(f,c1),Cl(f,c),...,Cl(f, cn),
Pi(c1,q1,14), Po(c1,q1,24) Ni(er, q1,1—), Na(er, qi,2- ), (3.1)

Pi(cn, qn,1+4)s Po(cn, Gn2+)s N1(Cns @ni—), Na(cn, gna—) }s
Q= HCZ(le—\A N3P, —~AM3dN;. AN ElNQA)

Intuitively, an individual ¢ that is associated to an element of {p1, ..., pm, true, false}
belongs to A (resp. —A) iff its associated propositional variable or constant is evaluated
to 1 (resp. 0). Note that true only belongs to A and false only belongs to =A. Now,

2 Actually, the reduction in [Schaerf, 1993] was used to prove coNP-completeness of the DL ALE but
uses only concept constructors that are actually available in ££. Hence, it is perfectly suitable for
our needs.
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deciding whether (0, Ay) = Q(f) corresponds to deciding whether the formula 9 is
unsatisfiable, i.e., for every truth assignment of v, there exists a clause whose positive
literals are evaluated to 0 and whose negative literals are evaluated to 1. The following
claim is due to [Schaerf, 1993].

Claim: 1 is unsatisfiable if and only if (0, Ay) = Q(f). o

This claim and the fact that |Ay| is polynomial in |¢| yield the coNP-hardness of
instance checking in ££07) regarding data complexity. This result also immediately
applies to £L7 because £L£7 is a superlanguage of L), Note that EL£7 is a notational
variant of the DL ALC. As data complexity of instance checking for ALC is coNP-
complete even w.r.t. general TBoxes [Hustadt et al., 2005], it is clear that the coNP-
completeness result in the following proposition which also applies for acyclic and general
TBoxes.

Proposition 3.3
Data complexity of instance checking for ELT) and EL™ with simple ABozes and without
TBozxes are coNP-complete. o

3.2 Extension of ££ with Disjunction

Let £LU be the extension of £L£ with disjunction. We show that if we allow a TBox as a
part of the input, data complexity of instance checking in £LU is coNP-hard. This result
is, like the one for ££7, obtained by a reduction from the complement of 2-2-SAT.

In the ££0) case, negation is employed to obtain a pair of concepts A and - A whose
union is equivalent to the top-concept. Moreover, both concepts are disjoint. With this
situation, deciding the instance checking problem requires a sort of case analysis, as one
can associate those concepts precisely to truth assignments of propositional variables and
constants in the 2+2-CNF formula 2.

Now, in ELU case, we use two concept names A and Ap like the pair A and —A in the
eLt case, i.e., an individual belongs to Ap (resp. Ap) if its associated propositional
variable or constant is evaluated to 1 (resp. 0). Notice that, it suffices to consider
only individuals that are associated to propositional variables and constants, since truth
assignments of a 2+2-CNF formula depend only on the truth values of them. Thus, we
need to ensure that A7 LI Ar holds on those individuals. If we allow a non simple ABox
for the reduction, we can obviously modify the ABox in Equation (3.1) by replacing A
with Ar and = A with Ap, and using A7 U Ap as concept assertions on every individual
in it. But this cannot be done with a simple ABox and therefore, we need a TBox to
associate Ap Ll Ap either with the top-concept or with a new concept name.

For the TBox, if we use a general one, then we can just associate the disjunction of
A7 and Ap with the top-concept using a single GCI T C Ar U Ap. Here though, the
result would be stronger if we use an acyclic TBox. For the acyclic TBox, we introduce
a new concept name, say A,q-, and define it as Ay Ll Ap. For the ABox, we then use
Ayar in a concept assertion for every individual in the ABox that is associated with a
propositional variable or constant. Notice that the concept definition A,q = A7 U Ap
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does not prevent the existence of a model of the input ABox and TBox such that an
individual belongs to A7 and Ap simultaneously. To deal with this case, we modify the
query concept by adding a disjunct representing this possibility. The reduction in a more
formal form is in the following.

Let ¢ = C1ACoA- - -NC}, be a 2-+2-CNF formula where C; = ¢; 14V ¢i 2+ V¢i1-Vgi o—.
We assume that 1) has m propositional variables py, ..., py,. We define an ELU-ABox Ay,
an acyclic TBox 7 and a query concept @) as follows. A, has one individual p; for each
propositional variable p; in 1), one individual ¢; for each clause C;, one individual f for the
whole formula v, and two individuals true and false for the corresponding propositional
constants. In this reduction, the following concept names are used: Ayqr, A7, Ap; and
the following role names are used: Cl, Py, P2, N1, Na, R. The ABox, TBox and query
concept are described below.

Ay = {Ar(true), Ap(false),
Cl(f,c1),Cl(f,ca)y...,CUS, cn),
Pi(cr, qia4), Po(er, qu24), Ni(er, qi1-), Na(er, a2 ),
Py (cn, Qn,lJr)v Ps(cn, Qn,2+)v Ni(cq, qn71,), Na(cq, Qn,Qf)’ (3.2)
R(f,p1), R(f,p2);- - R(f,pm), R(f, true), R(f, false)
Avar(P1), Avar(P2), - - - s Avar (Pm)s Avar (true), Avar(false)},
T ={Aper = Ap U AR},
Q = 3CL(3PL.Ap N3Py Ap 113N, Ar 11 3Ns. Ar) U 3R.(Ar 1 Ap)

where p1,po,...,pm are propositional variables in ¢ and for every i = 1,...,n, it holds
that i1+, Gi2+, Qi1 qi2— € {pP1,P2, ..., DPm,true, false}. Note that A LI Ap cannot be
put into the ABox as the ABox is simple.

Claim: 1 is unsatisfiable if and only if (7, Ay) = Q(f).

Proof of Claim: “=". Suppose 9 is unsatisfiable. Let Z be a model of (7, .Ay). Then,
{pF, ... pL truet, false?} C (ApUAR)E. If thereisap € {p1,...,pm,true, false} such
that p? € (A7 M Ap)?, then since Z is a model of Ay, we have (fZ,p?) € RT and thus
obtain fZ € (3R.(Ar M Ap))t, ie., f£ e QL.

Otherwise, for every ¢ € {p1,...,pm,true, false}, ¢© ¢ (Ar M Ap)%. In this case,
let 67 be the truth assignment such that dz(q) = 1 iff ¢ € AL and dz(q) = 0 iff
¢ e A%. Since 1 is unsatisfiable, there is a clause Cy, = qx 1+ V Q2+ V 7qr1— V Qi 2—
that is not satisfied by dz. This implies dz(qx14) = 6z(qr2+) = 0 and dz(qr1-) =
d7(qr2—) = 1. Thus, qu_,q%QJr € A{, and q%,l—’q%,Q— € A%. Hence, we conclude
c% € (3P, Ap N3P, Ap M3AN;. A7 M AN, A7)? from which it follows that fZ € Q*.

“«<" Suppose 9 is satisfiable. We show that (7, Ay) ¥ Q(f), i.e., there is a model
of 7 and Ay that does not satisfy Q(f). Let § be a truth assignment satisfying ). We
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define an interpretation Zs as follows:

AT ={f c1,....cn,D1s - P, true, false}

25 =g, for all z € {fic1,- - sCnyD1y- -+, Pm, true, false}
7
A7 = {p" | 6(p) = L,p € {true,p1,...,pm}}

A = {7 | 8(p) = 0.p € {false.pr.. ... pm}}
ALy = AU AT

var

p's = {(z%,y") € AT x AT | p(z,y) € Ay}, for p € {Cl, P1, P2, N1, Na, R}

It is easy to verify that Zs is a model of both 7 and A,. In addition, since v is
satisfiable, for every clause C; of 1, at least one of its disjuncts is evaluated to 1, i.e.,
0(giiy) =1oré(gips) =1ord(g,i—) =0ord(gi2—) = 0. Hence, for every individual ciz‘s,
at least one of the following holds: qZI‘i L € A%, qlz‘; 4 € A%, qﬁ_ € A% or qu_ € A%. By
definition of Zz, we have qZIj 4 qu,% 4 qi‘i_ and qizé_ are respectively the only Pi-, Py-, Ni-,
and No-fillers of ¢2*. We thus obtain that ¢2® ¢ (3P1. ApM3Py. Ap 3N Ar N3Ny Ar) s
foralli = 1,...,n. Consequently, %5 ¢ (3CI.(3P,.ApN3P,. Ap 3Ny Ar 113Ny A7) s,
Moreover, since every propositional variable and constant is never evaluated to both 1
and 0 simultaneously, we have (Ar M Ap)% = (. Thus, f% ¢ Q%, ie., Zs does not

satisfy Q(f). o

Observe that | Ayl is polynomial in ¢, and |7| and |Q| do not depend on [¢)|. Hence,
the claim implies that data complexity of instance checking in ELU w.r.t. acyclic TBoxes
is coNP-hard. In addition, since data complexity of instance checking in ALC w.r.t.
general TBoxes is in coNP [Hustadt et al., 2005|, and ELU is a sublanguage of ALC,
we obtain the following coNP-completeness result which also holds whenever the TBoxes
are general.

Proposition 3.4
Data complexity of instance checking in ELU w.r.t. simple ABozxes and acyclic TBozes
1s coNP-complete. o

Notice that the proof of the proposition above requires a TBox as part of the input.
What happens if the input of instance checking does not include a TBox? Let us now
consider the problem of deciding A = D(a) where A is a simple ELU ABox, D is an
ELU concept and «a is an individual. We show that this problem can decided in time
polynomial in the size of A.

First, note that if a does not appear in A, the answer is trivially “no”, i.e., A & D(a),
since for this case, one can easily construct a model Z of A such that a belongs to no
concept except the top-concept. Hence, we assume that a is one of the individuals in A.

Let C be an ELU concept. We define sub(C), the set of subconcepts of an ELU, as
the smallest set S that contains C' and has the following properties: if Ch7 LU Cy € S,
then {C1,C2} € S; if C1 11 Cy € S, then {C1,C2} € S; and if Ir.C’ € S, then C’ € S.
The instance checking A = D(a) can be decided in an algorithm given as follows. We
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use a (non-simple) ABox A as the data structure. We first compute the set sub(D) and
initialize A to A. We apply the following rules to A until no more rule is applicable
(where d,d" are individuals occurring in A)

(1) if T € sub(D) and T(d) ¢ A, then A =AU {T(d)};
(2) if C1 11 C € sub(D), {C1(d), Ca(d)} € A, and (C1 M Co)(d) ¢ A,

then A == AU{(Cy |—]C2)( )}

(
(

(3) if C1U Gy € sub(D), {C1(d), C2(d)} N A # 0, and (C1 U Ca)(d) ¢ A,
(&

thenA::.,zl\U{ 1uCo)(d)}s

(4) if Ir.C € sub(D), {r(d,d"),C(d)} C A, and (3.C)(d) ¢ A,

then A = AU {(3r.C)(d)}.

Let Aoyt be the ABox that is obtained by the application of the rules (1)—(4) to a simple
ELU ABox A and an ELU query concept D. The algorithm answers “yes” if a: D € Ay
and “no” if a: D ¢ Ay The fact that the algorithm terminates as well as the soundness
and the completeness of the algorithm are shown by the following lemma.

Lemma 3.5
Let A be a simple ELU ABox, D an ELU concept. Assume that a is an individual name
occurring in A. Then both of the following hold.

1.

The rules (1)-(4) can only be applied a number of times polynomial in the size of A,
and each rule application can be done in time polynomial in the size of A.

Let Aoyt be the ABox that is obtained by the application of the rules (1)-(4) to A
and D. Then we have

D(a) € Aot iff A = D(a).

Proof.

1.

First, the fact that each rule application can be done in time polynomial in the size
of A is obvious. Next, note that the cardinality of sub(D) is linear in |D|. Each rule
application adds a new concept assertion for an individual name whose concept is an
element of sub(D). Since none of these rules removes assertions from A, these rules
can be performed on a particular individual names in a number of times linear in the
size of sub(D). In addition, the number of individual names occurring in A is linear
in the size of A. Therefore, the total number of rule applications is linear in |D||.A]
which is linear in |A| because |D| is considered constant.

. We start with the “only if” direction, i.e., the soundness. Assume D(a) € Ayy. We

show that rule applications preserve modelship, i.e., for every rule, if Z is a model of
A before the rule is applied, then 7 is also a model of A after the rule is applied.

(1): Trivial, since every individual belongs to the top-concept.

(2): Let Z be a model of A before the rule application. Thus, dZ € C¥ and d € CZ,
ie., df € CI nCE = (C1MCy)%. Since the rule adds the assertion (C1 M Cq)(d)

to .A we have that 7 is a model of A after the rule application.
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(3): Let Z be a model of A before the rule application. Thus, dZ € CZ or d € CZ,
ie., dr € CTUC? = (01U Cy)T. Since the rule adds the assertion (C; U Co)(d)

to A we have that 7 is a model of A after the rule application.

(4): Let Z be a model of A before the rule application. Thus, (dZ, (d')T) € % and
(d)* e CT. By the semantics, d¥ € (3r.C")E. As this rule adds the assertion
(3r.C")(d) to A, we have that 7 is a model of A after the rule application.

We now show that A = D(a). Let Z be a model of A. Since rule applications preserve
modelship, Z is a model of Ayy:. As D(a) € Aoy, obviously 7 satisfies D(a).

Next, we proceed with the “if” direction, i.e., the completeness. We will show that
D(a) ¢ Aoyt implies A = D(a). Suppose D(a) ¢ Aoy Assume w.l.o.g. that
{ai,...,a,} is the set of all individual names occurring in .A. We define an interpre-
tation J = (A7, -7) as follows:

e AT ={ay,...,a,}, and ag:ai fori=1,...,n;
o AT ={dec AT | A(d) € Ay} for every concept name A;
o 77 ={(d,d) € AT x AT | r(d,d') € Aous} for every role name r.

It is easy to see that J is a model of A,,;. Furthermore, it also a model of A because
A C Aput- We now show that a? ¢ D7 by induction on the structure of D. The
induction base, i.e., for D = A, a concept name, is obvious by definition of 7. Assume
for induction that the claim holds for some concepts C and Cy. We distinguish cases
based on the topmost constructor of D.

e D =CNCy. (C1NC2)(a) ¢ Aoy implies {C1(a), C2(a)} € Aout, because otherwise,
the rule (2) would have been applicable to Ay, which is not the case. Thus,
Ci(a) ¢ Aoyt or Cz(a) ¢ Ay By induction hypothesis, we obtain that a7 ¢ Cij
or a7 ¢ Cy . Consequently, a ¢ (Cy M Cy)7

e D =CiUCy (CrUCy)(a) ¢ Ay implies {C1(a),C2(a)} N Apue = 0, because
otherwise, the rule (3) would have been applicable to Ay, which is not the case.
Thus, Ci(a) ¢ Ao and Ca(a) ¢ Agy. By induction hypothesis, we obtain that
ad ¢ ¢ and a7 ¢ Cy. Consequently, a” ¢ (Cy U Cy)Y

e D =73r.Cy. (3r.C)(a) ¢ Aoy implies {r(a,b),Ci(a)} € Ao for every individual
name b occurring in Ay, because otherwise, the rule (4) would have been applicable
to Agut which is not the case. Thus, for every individual name b, 7(a,b) ¢ Agut
or Cy1(a) ¢ Apu. By induction hypothesis and definition of J, we obtain that
(a?,07) ¢ r7 or a7 ¢ CY. Consequently, a ¢ (3r.Cy)7

This finishes the induction and we conclude that J is a model of A that does not
satisfy D(a), i.e., A = D(a). o

The previous lemma provides with the termination, soundness and completeness of the
algorithm for deciding the instance checking in £L£U with simple ABoxes and without
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TBoxes. In particular, the lemma shows that this decision problem can be solved in
time polynomial in the size of the input ABox. Consequently, this yields the following
proposition.

Proposition 3.6

Data complexity of instance checking for ELU w.r.t. simple ABoxes and without TBozes
1s polynomial. o

3.3 Extensions of ££ with Value Restriction

3.3.1 Adding Sink Restrictions: £

We first look at the extension of ££ named L7 which is ££ extended with sink
restrictions Vr.L. For E£""*, data complexity of instance checking is coNP-hard even
without TBoxes. The coNP-hardness is obtained by a reduction from the complement
of 24-2-SAT. The reduction is similar to the one for ££) given in (3.1) where instead
of using the pair A and —A, we use the pair of concepts ds.T and Vs.l. The whole
reduction is given below.

Let ¢ = C1ACaoA- - -AC,, be a 2+2-CNF formula where C; = ¢;,14V @i 24V ¢i1- Vg o—.
We assume that ¢ has m propositional variables p1,...,pmn. We define a simple ABox
Ay, and an ELYL query concept Q as follows. Ay has one individual p; for each
propositional variable p; in %, one individual ¢; for each clause Cj;, one individual f
for the whole formula 1, and two individuals true and false for the corresponding
propositional constants. In this reduction, the following role names are used: Cl, P,
P2, N1, No, and S. It also holds that for every 1 < i < n, ¢ 14,¢i2+,G,1—,%2— €
{p1,--.,Pm,true, false}. The ABox, and query concept are described below.

Ay = {Cl(f,c1),Cl(f,ca),...,Cl(f,cn),
Pi(c1,q1,14), Pa(c1,q1,24 ), Ni(er, q1,1-), Na(c1, q1,2- ),
(3.3)

Pl(cn7Qn,l+); P2<Cna Qn,2+)7 Nl(c’ru Qn,l—)7N2(0n7 Qn,2—)}7
Q = 3CIL(IPVS. LN IPYS. L MIN;3IS. T MIN,IS.T)

It can easily be verified that (35.T)7 U (¥S.L)? = A? and (3S.T)2 N (VS.L)Z = 0
for every model Z of Ay. This clearly simulates the behavior of the pair A and —A in
L), Thus, analogous with the reduction from the complement of 2+2-SAT to instance
checking in ££7), we have that ¢ is unsatisfiable iff (0,.A,) = Q(f). This establish the
coNP lower bound of data complexity of instance checking in ££7"1 with simple ABoxes
and without TBoxes. The upper bound is obtained from the fact that in ALC, the
superlanguage of EL£71, data complexity of instance checking w.r.t. general TBoxes is
in coNP [Hustadt et al., 2005]. Hence, we establish the following coNP-completeness
result which also holds whenever the TBoxes are acyclic or general.

Proposition 3.7
Data complexity of instance checking in €
18 coNP-complete. o

LY w.r.t. simple ABozes and without TBozes
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3.3.2 Adding Value Restriction without The Bottom-Concept: ££

Next, we consider L, the extension of £L£ with value restriction. Note that E£7 does
not provide the bottom-concept. But even without using bottom, adding value restriction
to £L makes data complexity of instance checking w.r.t. acyclic TBoxes intractable. This
is proved by a reduction from the complement of 2+2-SAT that is similar to the one for
ELY™L . Here, we employ a pair of concepts 3s.T and Vs.A in a way similar to the way we
used the pair 3s.T and Vs.L in the EL7"* case. It is easy to see that the union of 3s.T
and Vs.A is equivalent to the top-concept, although unlike the pair A and —A in ££(7),
Js.T and Vs.A are not necessarily disjoint. In ££U, this is solved by using disjunction in
the query concept. But this cannot be done here, since E£" can express neither negation
nor disjunction.

To solve the above problem, we add an additional individual d to the ABox. It per-
forms as a marker that ‘“recognizes” any individuals belonging to both 35.T and VS.A
simultaneously. The aim is that whenever in a model of Ay, the concept 35.T MVS.A
is true at an individual that is associated to a propositional variable or constant occur-
ring in the 2+2-CNF formula 1, the query assertion Q(f) where Q = 3CI.(IP,VS. AN
AP,VS.A M IN13ST M IAN23S.T) can still be satisfied. This marking mechanism is ac-
complished by first connecting d through all roles Pi, P, N7 and N> to all individuals
that represents propositional variables and constants and then connecting the individual
representing the whole formula (on which the query concept is considered) to d via the
role Cl. The reduction is presented in a more formal form in the following.

Let ¢ = C1ACaA- - -AC), be a 2+4-2-CNF formula where C; = ¢;,14 V@24V ¢, 1-V—gi 2.
We assume that 1) has m propositional variables p1, ..., pp,. We define a simple ABox Ay,
and an £L£Y query concept @ as follows. Ay has one individual p; for each propositional
variable p; in 1, one individual ¢; for each clause C;, one individual f for the whole
formula v, two individuals true and false for the corresponding propositional constants
and one additional individual d. In this reduction, we use a concept name A; and role
names: Cl, Py, P2, N1, No, and S.

Ay = {Cl(f,c1),Cl(f,ca),...,Cl(f,cn), Cl(f,d),

Pi(c1,q1,14 ), Pa(c1,q124), Ni(er, qra-), Na(er, qra-),
Pl(cn7 Qn,1+)7p2(cn7Qn,2+>7 Nl(cn; Qn,l—)a N2(Cn7 Qn,Q—)7
Pl(d7p1>7p2(dapl)7N1<d7p1)7N2(d7p1)7

. (3.4)
Pi(d, pm), Pa(d, pm), N1(d, pm), N2(d, pm),
Py (d, true), Py(d, true), N1(d, true), No(d, true),
Py(d, false), Py(d, false), N1(d, false), Nao(d, false)},
Q = 3CIL(IPVS. AN IPVYS. AN IN;3S. T MIN3S.T)
where {p1, p2,...,pm} is the set of all propositional variables in ¢ and for alli = 1,...,n,

it holds that ¢; 14, ¢i2+,¢i,1—, ¢io— € {p1,D2, ..., Pm,true, false}.
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Claim: 1 is unsatisfiable if and only if (0, Ay) = Q(f).

Proof of Claim: For the “only if” part, assume that 1 is unsatisfiable. Note that for
every interpretation J, A7 = (35.T)7 U (VS.4)7. Let T be a model of A,. Hence, in
particular, for every ¢ € {p1,...,pm, true, false}, ¢* € (3S.T)% or ¢* € (¥VS.A)~.

If there is a g € {p1,...,Pm, true, false} such that ¢ € (35.T)2 N (¥S.A)Z, then since
q* is a Pi-, Py-, Nq- and Na-filler of d?, it holds that d* € (IP1VS.A)T N (3PVS.A)T N
(AN13S.T)IN(3N238.T)E = (IPVS. ANIPVS.ANIN;3S. TM13IN23S.T)Z. Hence, since
d? is a Cl-filler of fZ, we obtain fZ € (3CI.(3P,VS.AN3PYS.AMAN;3S. TM3IN23S.T))Z,
ie., ffeq@?t

Otherwise, if for every ¢ € {p1,...,pm,true, false}, it holds that ¢ ¢ (35.T)Z N
(VS.A)Z, then either ¢Z € (3S.T)Z or ¢* € (VS.A)? but not both. Let d7 be a truth
assignment to all propositional variable g of ¢ such that é7(q) = 1 iff ¢* € (35.T)% and
67(q) = 0 iff ¢¢ € (VS.A)L. Since 1 is unsatisfiable, there is a clause C; which is not
satisfied by 6z. Thus, 07(q1+:) = 6z(g2+,) = 0 and 07(qi—;) = 6z(g2—;) = 1. This
implies that Pi- and Py-fillers of ¢ belong to (VS.A)T and Ni- and No-fillers of ¢ be-
long to (3S.T)Z. Hence, we conclude that ¢ € (3P\VS.A M 3PVS.AM3INIS.T N
IN23S.T)E. Since (f%,cF) € CIE, consequently ff € (ICL.(IPVS.A M IPVS. A
IN13S. T N ANL3S. T, e, £ € QF.

For the “if” part, suppose 1 is satisfiable. We show that (0, Ay) = Q(f), i.e., there is

a model of Ay that does not satisfy Q(f). Let § be a truth assignment that satisfies 1.
We define an interpretation Zs as follows:

ALs — {d, f,c1,...,Cn,D1, -, D, true, false}

Is

=g, forallz € {d, f,c1,...,¢n,p1,-..,Pm,true, false}

Al =)
ST = {(p™,true) | §(p) = 1,p € {true,p1,...,pm}}
pZ(S = {(xIé’yI(s) | p(w,y) € A¢} for pe {CZ7P1’P27N1’N2}

It is straightforward to verify that Zs is a model of A,;. We now show I ¢ Q.
Note that since v is satisfiable, for every clause C; of v, at least one of its disjuncts is
evaluated to 1, i.e., 6(gi14+) =1 or 0(¢gi2+) =1 or 6(gi1—) = 0 or 6(¢gs2—) = 0. Because
AT = (35.T)T U (VS.A)T also holds, we have that for every individual ¢, at least one of
the following holds: ¢/5, € (3. T)%, ¢35, € AS.T)%, ¢i5_ € (vS. AT or g3 € (VS.A)L.
By definition of Zg, qf 1 qZI‘% 4 qﬁ_ and qg‘;_ are respectively the only P;-, Py-, N1-, and
No-filler of ¢¥. Thus, we obtain ¢* ¢ (3P1VS.A N 3PVS.AM3N;3S.T M 3IN,38.T)%
for all i = 1,...,n. Finally, we conclude % ¢ (3CI.(3PVS.AM3IPVS.AM3IN;3S.T N
IN,3S. T)) s, ie., f25 ¢ Q%s. o

Note that in the reduction above, |Ay| is polynomial in [¢|. Moreover, |Q| does
not depend on |¢|. Consequently, by the previous claim, we obtain the following the
coNP lower bound of data complexity of instance checking in ££7 with simple ABoxes
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and without TBoxes. The upper bound is obtained from the fact that in ALC, the
superlanguage of £L£", data complexity of instance checking w.r.t. general TBoxes is in
coNP |Hustadt et al., 2005|. Hence, we establish the following proposition. Note that
this proposition also applies whenever the TBoxes are acyclic or general.

Proposition 3.8
Data complezity of instance checking in ELY w.r.t. simple ABoxes and without TBozes
1s coNP-complete. o

3.4 Extensions of ££ with Unqualified Number Restrictions

3.4.1 Adding Both At-Most and At-Least Restrictions, and Adding Only
At-Most Restrictions: ££5F0v2k2 gr<F and ££8

We start with the DLs E£5F1:2F2 These are DLs which are obtained by extending ££
with both at-most restrictions (< k1 r) and at-least restrictions (> ko r) where k1 and
ko are fixed nonnegative integers.

For these DLs, the constructor (> kg r) is apparently not needed in establishing coNP-
hardness regarding data complexity of instance checking if the constructor (< ki r) is
used. In other words, for fixed nonnegative integers ki and ko, the reduction from the
complement of 2+2-SAT to instance checking in EL5F12F2 is precisely the same as the
reduction from the complement of 2+2-SAT to instance checking in E£5%1, DLs which
are obtained by extending ££ with at-most restrictions (< k; ) only (see the reduction
on page 27). The reason is because (> 0 r) = T and for every integers ko > 1, (> ko r) is
subsumed by 3r.T, a constructor that is already provided by £L£. Of course, besides using
the reduction mentioned previously, one could also obtained the coNP-hardness result
of data complexity of instance checking in E£5¥12*2 as a direct consequence from the
coNP-hardness result of data complexity in EL£L5%1 since for fixed nonnegative integers
ki and ko, ELSF12F2 i5 a superlanguage of EL5F1. Because of these reasons, we will now
just proceed to the extensions of ££ with at-most restrictions only.

For DLs EL£5F, extensions of ££ with at-most restriction (< k r) with k a fixed
nonnegative integer, we first look at the case where k = 0. Obviously, (< 0 r) =
Vr.L. This means that the DL ££=Y is actually a notational variant of ££""* for which
Proposition 3.7 holds.

For k > 0, the constructor (< k r) introduces a form of functionality to the language.
Functionality originally refers to the case in which a particular role is required to have
at most one filler. In this subsection, we introduce k-functionality as a generalization of
the notion of functionality in the sense that the number of fillers of a role is limited to k,
instead of one. In addition, depending on whether k-functionality is required everywhere
or not, we distinguish two kinds of k-functionality: global and local.

Definition 3.9
Let r be a role and a an individual. We say that r is k-functional on a if a has at most
k r-fillers. For the special case where k = 1, we simply say that r is functional on a.
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Let 7 be an interpretation with AZ as its domain. Then we say that r is locally k-
functional if r is k-functional on some individuals in AZ, and we say that r is globally
k-functional if r is k-functional on every individual in AZ. o

It is clear from the definition that local k-functionality implies global k-functionality,
but not conversely. Second, observe that if a role r is locally k-functional, then it may
behave as an ordinary binary relation on some individuals in the domain of interpretation.

On syntactic level, ££ with global k-functionality restricts the use of at-most con-
structors (< k r) to GCIs of the form T C (< k r). In case GCIs are not allowed in
the knowledge base (and thus the constructor (< k r) cannot be explicitly expressed
anywhere in the knowledge base and the query concept), we can just divide the set of
all roles into two disjoint sets where the first set contains roles interpreted as ordinary
binary relation and the second set contains roles interpreted as k-functions, i.e., binary
relations with at most & fillers. On the other hand, ££ with local k-functionality imposes
no restriction on how or where the constructor (< k r) is used, i.e., this constructor is
used like other DL constructors would be used.

In the current section, for some fixed nonnegative integer k, the DLs E£5F are exten-
sions of EL with local k-functionality, whereas the DLs E£*/ are extensions of ££ with
global k-functionality. For example, E£5! and £L£5? are extensions of ££ with local
functionality and local 2-functionality, respectively. Meanwhile, £ is the extension of
EL with global 1-functionality and also known simply as E£F, the extension of ££ with
global functionality; and ££2/ is the extension of ££ with global 2-functionality.

Instance Checking for ££5F

We now show that data complexity of instance checking is coNP-hard for E£5% where
k > 0. We use the fact that the union of 3. T and (< k r) is equivalent to the top-
concept. Note that they are not necessarily disjoint, i.e., Ir.T M (< k r) is satisfiable.
The reduction is very similar to the ££" case and presented in the following.

Let v = C1 A---ANCp be a 24+-2-CNF formula where C; = ¢;14 V @i 2+ V =i 1— V ¢ o—.
We assume that 1) has m propositional variables p1, ..., pp,. We define a simple ABox Ay,
and an ELSF query concept Q where k > 0 as follows. Ay has one individual p; for each
propositional variable p; in 1), one individual ¢; for each clause Cj, one individual f for
the whole formula ¢, two individuals true and false for the corresponding propositional
constants and one additional individual d which is used for marking mechanism like the
one that was described in the E£" case (Subsection 3.3.2). In this reduction, we use role
names: Cl, P;, P2, N1, No, and S.

Ay ={CIl(f,c1),Cl(f,c2),...,ClU(f,cn),Cl(f,d),

Pi(c1,q1,14 ), Pa(c1,q1,24), Ni(e1,qri-), No(c1, qra—),
Pl(cm Qn,1+)a P2(Cm Qn,2+)> Nl(cm QTL,I—)7N2(CTL7 Qn,2—>7
Pl(dvpl)aP2(d7p1)7N1(dapl)7NQ(d7p1)7 (35)

cey
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Pl(d’pm)ﬂ P2<d7pm)7 Nl(d7pm)7 Ng(d,pm),
Py (d, true), Py(d, true), Ni(d, true), Na(d, true),
Pi(d, false), Py(d, false), Ni(d, false), Na(d, false)},
Q = 3CLEP.(< k S)N3P(< k S)MAN;IS.T N IN,3S.T)

where for all i = 1) cees Ny G145 45245 91—, 46, 2— S {plap?v -e oy Pm, tTU@, false}'
Claim: 1 is unsatisfiable if and only if (0, Ay) = Q(f).

Proof of Claim: The “only if” part is similar to the one for ££Y on page 25. Assume
that v is unsatisfiable. Note that for every model J of Ay, (3S.T)7 U (< k S)T = A7,
Let Z be a model of Ay. If there is an individual name ¢ € {p1,...,pm, true, false}
which satisfies ¢* € ((3S.T) M (< k 9))%, i.e., ¢F has k' S-fillers, 1 < k' < k, then we
obtain that d € (AP.(< k S) M 3IP.(< k S) M 3IN;IS.T M 3INL3S.T)L. This yields
ff e BCLEPL.(< k S)MN3P.(< k S)MANIS. T MIN.3S.T))T = QF. Otherwise,
for every q € {p1,...,pm,true, false}, either ¢* € (3S.T) or p? € (< k S)* but
not both. In this case, unsatisfiability of v implies fZ € (3CI.(3P1.(< k S) N 3IP.(L
k S)M3AN;IS. T M3IN23S.T))E = QF viaone of ¢Z, i € {1,...,n}.

For the “if” part, suppose v is satisfiable and § is a truth assignment that satisfies .

We show that (0, Ay) ¥ Q(f), i.e., there is a model of Ay that does not satisfy Q(f).
We define an interpretation Zs as follows:

AL — {d, f,c1,.. . CnyD1y- -+ Pm, true, false}

el =gz, forall x € {d, f,c1,...,Cn, P15, Pm, true, false}

Sto = {(p, true) | 6(p) = 1,p € {true,p1,...,pm}}
pr = {(z%,y") | p(z,y) € Ay} for p € {CL, P, P, N1, Na}

It easy to verify that Zs is indeed a model of A,. Moreover, it is straightforward to
show that satisfiability of ¢ implies f% ¢ Q%5 (see the proof of the claim that leads to
Proposition 3.8). o

It is obvious that |Ay| is polynomial in |¢|, and |@Q| do not depend on [¢|. Hence, the
previous claim yields the coNP-hardness regarding data complexity of instance checking
with simple ABoxes and without TBoxes in EL5%1:2%2 and ££5%. In addition, since
ELSFZR2 and EL5F are sublanguages of the DL SHZQ, and data complexity of instance
checking in SHZQ w.r.t. simple ABoxes is in coNP [Hustadt et al., 2005], we conclude
the following proposition. Note that the following proposition also holds whenever the
TBoxes are acyclic or even general.

Proposition 3.10
For all fized nonnegative integers k, k1 and ko, data complexity of instance checking in
ELSRZRe gnd £L5F w.r.t. simple ABozes and without TBozes are coNP-complete. o

Note that for the cases where ko = k1 + 1, coNP-hardness result of data complexity
in ££5F:2%2 can also be obtained by observing the fact that the pair (< k; r) and
(> (k1 +1) ) behaves precisely like the pair A and —A4 in E£).

28



Instance Checking for £CF/

The previous result provided us with coNP-completeness of instance checking with simple
ABoxes for £L extended with local k-functionality (regarding data complexity). Now one
could also ask whether an analogous coNP-completeness result can also be obtained if
EL is extended with global k-functionality. Note that in this case, it suffices to establish
a matching coNP-hardness result.

As we will see in the following, we can obtain coNP-hardness regarding data complexity
of instance checking in ££*/ when k > 1 by employing a reduction from the complement
of 24+2-SAT. For ££Y, data complexity of instance checking w.r.t. general TBoxes is
polynomial and will be discussed in more detail in Chapter 4.

Here, to express global k-functionality, instead of using GCIs, we assume that there
are two sets of role names. One of them consists of role names which are globally k-
functional and the other consists of role names interpreted in the usual way. We also use
JF*.C' as an abbreviation for

JF...dF.C
k

For the reduction from the complement of 2-+2-SAT, we want to find a pair of concepts
that behave like the pair 3r.T and Vr.A in the ELY case. The idea stems from the
following observation. Whenever an individual name p has k + 1 F-fillers and the role
name F' is globally k-functional, then two of these k + 1 fillers must be identified. Such
an identification may force a sort of case analysis because there are @ possible pairs
of individual names for identification. For the reduction from the complement of 2-2-
SAT, we only need two cases (corresponding to two truth values). We thus distinguish
one individual name b from the other individual names, and derive the following two
cases. First case is where b is identified with one of the other individual names, whereas
the second case is whenever the identification does not involve b, i.e., occurs between
two individual names different from b. This idea can be realized using ABox assertions

described below where we also ensure that there are initially k£ + 1 F-fillers of p.

“ij

(p7 a1)7 ) F(p7 ak)7 F(pv b)7

A(al), e ,A(ak), B(b),

F(al,ag),F(al,ag), . ,F(al,ak),
(

F a2,a3), N ,F((lg, ak),

F(ag-1,ax)
Note that every pair of individual names from aq,...,a; are also connected through F,
and each of these individual names has at most k — 1 F-fillers. Now, since F' is globally
k-functional, two individual names from aq, ..., a;, b must be identified. If b is identified
with one of a; then the concept IF.(A M B) is true at p. Otherwise, two individual
names a; and a; from aq,...,a; are identified which implies F' connects a; to itself (a

“loop” occurs). In this case, the concepts IF™. T for n > 1 are true at p. Note that
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for 1 < n <k, IF™.T is always true at p. Hence, the pair of concepts IFF*1.T and
JF.(A 1 B) are the pair that we were looking for.

Observe that it suffices to apply the trick described above to individual names repre-
senting propositional variables in a 2-+2-CNF formula 1. More precisely, the individual
name p used in the trick is intended to be those individual names representing proposi-
tional variables. Moreover, the trick does not exclude the case that occurs whenever an
individual (which corresponds to a propositional variable or constant) belongs to both
JFk+LT and 3F.(AN B). To deal with such a case, we employ a marking mechanism
using a new individual name d like the one for ££7.

We now give a formal reduction from the complement of 2+2-SAT to instance check-
ing for ££%/, k > 1. In this reduction, the following concept names are used: A and B:;
and the following role names are used: Cl, Py, P2, N1, No, F. We assume that F is a
globally k-functional role. We start with a 24+-2-CNF formula ¢» = C1 ACy A --- A Cy,
with m propositional variables and n clauses where each clause is of the form C; =
¢i1+ V Q2+ V gi1— V g 2. We translate 1 to a simple ABox Ay, and a query concept
@ which are described below. The simple ABox Ay contains & + 2 individual names
Pj,@j1,...,ajk,b; for each propositional variable p; in v, one individual name c; for
each clause Cj, one individual name f for the whole formula %, two individual names
true, ayye for the propositional constant true, two individual names false,ayfq for
the propositional constant false, and one individual name d for the marking mecha-
nism which deals with the case that occurs whenever an individual corresponding to a
propositional variable or constant belongs to both IF*+1.T and 3F.(A N B).

Ay ={CIl(f,c1),Cl(f,c2),...,Cl(f,cn),Cl(f,d),
Pi(c1,q1,14), Pa(c1, q124), Ni(er, q1,1-), Na(er, qi,2- ),

Pl(cm Qn,l—i-)a PZ(Cm Qn,2+)7 Ny (Cm Qn,l—)a NQ(Cm Qn,2—)7

Pl(dapl)aP2(d7p1)>Nl(d7p1)7N2(dap1)7

Pl(dapm)aPQ(dapm)vNl(d’pm),NZ(dvpm)7

Py (d,true), Py(d, true), N1(d, true), No(d, true),

Pi(d, false), Py(d, false), N1(d, false), Nao(d, false),

F(Ph a1,1)7 s 7F(p17 al,k))F(pl) b1)7

F(pm7am,1)7 o 7F(p17 am,k)a F(pla bm)a

F(ai1,a12),F(ai1,a13),...,F(a1,1,a1k),

F(a12,a13),...,F(ai2,a1k),

F(al,k—laaLk)a

ey
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F(amJ, am72), F(aml, am73), ooy F(ami, amyk),
F(am,27 am,3)7 e 7F(am,27 am,k):
F(ampg—1,@mk),

Alar), ..., Alark), B(b),

Alam,1), -, Alamk), B(bm),
F(true, atrue)a F(atruea atrue)y F(false, afalse)v A(afalse)z B(afalse)}v
Q = 3CL(3P3F.(AN B)M3P3F.(AN B) M 3N 3F* 1 T N3N, 3IFkLT)
where for all ¢ = 1’ ey Ny Q3145 95,245 G0 1— 5 32— S {p13p27 <e oy Pm, true, false}'

Claim: 1 is unsatisfiable if and only if (0, Ay) = Q(f).

Proof of Claim: First, we deal with the “only if” direction. Suppose 1 is unsatisfiable.
Let J be a model of Ay,. We first show that

{pd, ... pJ true’, false”y C AF*L.T)T U 3F.(AN B))Y

Since J is a model of Ay, true? € (3F*L.T)7 and false? € (3F.(AN B))7. In

addition, for each ¢ = 1,...,m, we have (pg,afl) e FJ, ..., (pg,a;jk) € F7, and
(pg,bf) € FJ. Since F is globally k-functional, for each i = 1,...,m, there are two
individual names, say = and y, from a;1,...,a;x,b; which must be identified. We now

distinguish two cases:

e None of z,y is b;. Then for some ji,j2, 1 < ji < j2 <k, a;;, and a;, are identified.
Since (a;-7jl,a;-7j2) € F7 holds, we have that the individual afjl = a;?j2 is its own

Ffiller. In this case, it is easy to see that pij € (Ark1 I,

e One of z,y is b;. Then for some j, 1 < j <k, a;; and b; are identified, i.e., agj = bg.

Since agj € A7 and b/ € BY, we obtain %7]' = b/ € (AN B)7. In this case, it is
obvious that p; € (3F.(AM B))7.

Overall, we conclude that {p{,...,pJ true’, false? } C (3FF+1.T)T U (3F.(AN B))7
indeed holds.

Next, we show that f7 € Q7. Note that (IFFT1.T)7N(IF.(ANB))7 is not necessarily
empty. If thereis a ¢ € {p1,...,pm, true, false} with ¢7 € (3FF1.T)IN(3F.(ANB))7,
then f7 € (3C1.(3P,3F.(ANB)N3P,3F.(ANB)N3N,IFF1L TNIN,IFFH1L.T))T = Q7
is due to the fact that d7 is a Cl-filler of 7, and ¢7 is simultaneously a Pi-, Py-, Ni-
, and No-filler of d7. Otherwise, for all ¢ € {p1,...,Pm,true, false}, we have either
q € AF1.T)7 or q € (3F.(AN B))Y but not both. In this case, like in the ELY case
on 1}age 25, it is not difficult to show that unsatisfiability of ¢ implies f¥ € Q7 via one
ofecy,i=1,...,n.
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For the “if” direction, assume that 1) is satisfiable and let é be a truth assignment that
satisfies ). We show that (0, Ay) = Q(f), i.e., there is a model of Ay, that satisfies Q(f).
We construct an interpretation Zs below.

o ATs ={f c1,...,CnsD1s- ., Dm,true, false,d, arrue, Qfatses tls -« s ths f1s- s fi}
o 25 =g forall x € {f,c1,...,CnsD1s- -, Dm,true, false,d, atrue, A faise}
tj, if d(p;) =1,
oforeveryz’:17...,m,j:1,”_7;3_17aiI§: A (pi)
’ fj, ifo(p;) =0

th—1, ifo(ps) =1,

s 1
fr, if 6(p;) =0

o foreveryi=1,...,m, aik:{

fr, if 0(pi)

o AT = {afalseatla"'7tk*17f1""’fk}
o Bl = {afalseatkafk}

L4 FI& = FO UFUFU {(true, atrue); (atruea atrue)> (false, afalse)}a where

Y

Il
S =

o foreveryi=1,...,m, bZ.I(S:{

k
Foy = J{®". ) 1 6(p) = 0,p € {p1, -, pm}}
j=1

K
Fr=J{0".4)) 1 6(p) = L,p € {p1,- -, pm}}
j=1
Fy = {(tp—1,ts1)} U{(tj1, tjo) | 1 < g1 <jo <k =1} U{(fj, fjn) | 1 < J1 < jo2 < K}

o p7 ={(@",y") | p(x,y) € Ay}, for p € {CI, 1, 5, N1, N}

It is straightforward to verify that Z; is indeed a model of (7,.Ay). Moreover, it is not
hard to show that satisfiability of ¢ implies f%5 ¢ Q%5 (see the proof of the claim that
leads to Proposition 3.8 on page 25). o

Hence, together with the fact that the size of the ABox Ay, is polynomial in the size of
the 2+2-CNF formula 1, the claim yields the coNP-hardness regarding data complexity
of instance checking in ££*/ w.r.t. simple ABoxes and without TBoxes. In addition, since
data complexity of instance checking w.r.t. simple ABoxes for SHZ Q, a superlanguage of
ELFF | is in coNP, we establish the following coNP-completeness result which also holds
for acyclic and general TBoxes.

Proposition 3.11
Data complezity of instance checking in EL* w.r.t. simple ABozes and without TBozes
18 coNP-complete. o
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3.4.2 Adding Only At-Least Restriction (> k r): ££2F

Next, we consider locally adding at-least restriction (> k r) to ££. The resulting DLs
are named E£2F. Obviously, it only makes sense to consider k > 1, because (>0r)
is trivially equivalent to T and for k& = 1, the resulting DL is just ££. For k > 1,
it turns out that we need a nonempty TBox as part of the input of instance checking
to establish coNP-hardness regarding data complexity, because without a TBox, data
complexity of instance checking is polynomial which will also be proved at the end of
this subsection. For the coNP upper bound, like in the previous sections, we refer again
to the result from |Hustadt et al., 2005] which showed that data complexity of instance
checking w.r.t. simple ABoxes for SHZQ, a superlanguage of E£Z* is coNP-complete,
regardless of which TBox formalism that is used.

Instance Checking for ££2% w.r.t. Acyclic TBoxes

If we require the TBox in the knowledge base input of instance checking to be acyclic,
coNP-hardness regarding data complexity is obtained only for ££72, i.e., £L extended
with (> 2 r). For k > 2, we left it as an open problem.

In the following, we show that data complexity of instance checking in ££22 w.r.t.
acyclic TBoxes is coNP-hard. To establish this lower bound, we employ a reduction
from the complement of 2+2-SAT similar to the one for EL£7. Here, we need to simulate
the way 3S.T and V.S.A behave in the L7 case. This can be accomplished by using the
pair of concepts (> 2 S) and 3S.(A M B). The union of this pair is equivalent to the
top-concept if T = 45.AM3S.B is satisfied. But T = ds.AMds. B cannot be expressed by
using acyclic TBoxes. Fortunately, as already seen in the ELU case, it suffices to consider
only individuals that correspond to propositional variables and constants. Hence, we can
use the same trick used in the £LU case (see Section 3.2) in which we use another concept
name A,q,, instead of the top-concept. Here, A, is used in a concept assertion for every
individual in the ABox that is associated with a propositional variable or constant. The
acyclic TBox is then obtained with the following three concept definitions:

Avar =3S.AN3S.B Ar = Aoy N3S(ANB)  Ap=AwN1(225)  (3.7)

These concept definitions ensure that the union of Ay and Ap is equivalent to Aq,..
Now it remains to deal with the case in which there is an instance of A,,- that is an
instance of both Ar and Ar. We solve this using an additional individual in the ABox
that performs as a marker for every individual that belongs to A7 M Ap. This marking
mechanism is the same as the one introduced in the EL£7 case (see Subsection 3.3.2, page
24).

Let v = C1 ACo A --- ANCy, be a 24+2-CNF formula with m propositional variables and
n clauses where each clause is of the form C; = g1+ V gi2+ V 2¢i,1— V =g 2—. We use
the same individuals as in ££U ABox given in (3.2), but with an additional individual
d. The simple ££7% ABox Ay then has one individual p; for each propositional variable
pj in v, one individual ¢; for each clause Cj, one individual f for the whole formula
1, and two individuals true and false for the corresponding propositional constants.
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Additionally, it also contains one individual d. In this reduction, the following concept
names are used: Ay,qr, A1, Ap, B1, B2; and the following role names are used: Cl, Py,
P2, Ni, Np, S. The simple ABox Ay, the acyclic EL7? TBox T and the ££22 query
concept ) are described below.

Ay = {Ar(true), Ap(false),
Cl(f,c1),Cl(f,c),...,Cl(f,cn), Cl(f,d),
Pi(c1,q1,14 ), Pa(c1,q124), Ni(e1, qra-), Na(er, qra-),
Pi(cn, qni+)s Pa(Cns Gn2+), Ni(Cns Gna—), Na(Cns gn2-),
Py(d,p1), P2(d, p1), N1(d, p1), Na(d, p1),

e (3.8)
P1(d, pm), Pa(d, pm), N1(d, pm), N2(d, pm),
Py (d, true), Py(d, true), N1(d, true), No(d, true),
Pi(d, false), Py(d, false), N1(d, false), Nao(d, false),
Avar(P1), Avar(p2); - -+ Avar (Pm) }
T = {Avar = 35.B1 1135.Bs,
Ap = Ape,N(>25),
Ap = Ay M3S.(B1 N By},
Q = 3CL(3P,.Ap N3Py Ap 1 3Ny Ap 1 3N, A7)

where for all i =1,...,n, ¢i14, 2+, %,1—, ¢Gi2— € {p1,D2, ..., Pm,true, false}.
Claim: 1 is unsatisfiable if and only if (7, Ay) = Q(f).

Proof of Claim: The “only if” part is very similar to the one in the E£7 case (the proof
of the claim on page 25), only this time, we use an observation that AZ = A% U A% for
every model T of (7, Ay).

For the “if” part, suppose v is satisfiable. We show that (7, Ay) K= Q(f), i.e., there
is a model of 7 and Ay, that does not satisfy Q(f). Let § be a truth assignment that
satisfies 1. We define an interpretation Zs for 7, 4, and @ as follows:

AT = {d,eg,e1,e2, f,Cls. . CnyD1s - - D, true, false}

2t =z, forall x € {d, f,c1,...,Cn,P1s- ., P, true, false}
ALs = {p, ... pm,true, false}

AP ={p" | 5(p) = L,p € {true,p1, ..., pm}}

AR ={p" | 5(p) = 0,p € {false,p1,. ... pm}}

BII5 = {ep, €1}, 3215 = {ep, e2}

§% ={(p™,e0) | 6(p) = 0,p € {false,p1, ..., pm}}

U{(p™,e1) | 6(p) = 1,p € {true,p1,....,pn}}
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U{(p™,e2) | 6(p) = 1,p € {true,p1,...,pm}}
pl—é = {(xZ(s?yI&) ‘ p(x7y) € Aw} for p e {Cl7P17P27N17N2}

It is straightforward to verify that Zs is a model of (7, Ay). Moreover, it is easy to show
that satisfiability of ¢ implies f%5 ¢ Q7% (see the proof of the claim on page 25 which
yields Proposition 3.8). o

Since the size of the ABox A, is polynomial in the size of the 2+-2-CNF formula 1), the
previous claim yields the coNP-hardness regarding data complexity of instance checking
w.r.t. simple ABoxes and acyclic TBoxes in ££22. Hence, together with the fact that
data complexity of SHZQ, a superlanguage of ££2, w.r.t. simple ABoxes is in coNP,
we obtain the following proposition.

Proposition 3.12
Data complexity of instance checking in EL£L22 w.r.t. simple ABoxes and acyclic TBoxes
18 coNP-complete. o

Instance Checking for ££2% w.r.t. General TBoxes

In view of Proposition 3.12, a natural question is whether analogous results can be
obtained for E£2* with k& > 2. Apparently, this can be done if we allow GCIs in the
TBox.

We first informally describe the idea for the reduction, e.g., for £ = 3. The idea of the
reduction follows from an easily proved fact that a TBox containing the following GCls:

AC35.B,M38.B,M35.Bs,
AM(>3595)C Ay,

AMN3S. (B MBy) C Ay,
AM3S.(B; M B;3) C A,
AmM3S.(B2M Bs) C As,

simulates the GCI A C Ag LI Ay Ll Ao L A3. Hence, whenever an individual name belongs
to A, a case analysis is required to determine whether ¢ belongs to Ay Ay, As or As.

For establishing a coNP-hardness result, the aforementioned case analysis ought to be
related to the truth assignments of a 24+2-CNF formula. The concept name A in the
above explanation performs as the concept name A,,-, the concept name that is true
precisely at every individual name which is associated to either a propositional variable
or constant. Two among these four concept names: Ay Ay, Ao and As perform as Ap and
Ap, the pair of concepts associated to the truth values 1 and 0. The remaining concept
name performs as dummy concept names Ap, Apr.

Consider an individual name c that is associated to a propositional variable or constant.
We enforce ¢ to belong to A,q- by setting Ayq.(c) in the ABox. Since Ayq, is subsumed
by the union of Ay, Ar, Ap, and Ap/, ¢ must belong to at least one of those four concept
names. In this situation, we need to consider three cases of which two are “bad”. The
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“good” case is whenever c¢ belongs to either A7 or Ar but not both. In this case, the truth
value of the propositional variable or constant associated to ¢ precisely corresponds to
whether ¢ belongs to Ar or Ap. The other two “bad” cases are, first, whenever ¢ belongs
to both A7 and Ap, and second, whenever ¢ belongs to neither Ar nor Ap. The first
case is solved by employing a new individual name d for a marking mechanism which is
also used in the reduction for ELY (see subsection 3.3.2). For the second case, we use
another individual name a for a second marking mechanism that works as follows. The
individual name a belongs to a concept D and is connected through a role R to every
individual which is associated to either a propositional variable or constant. Whenever
¢ belongs to neither Ar nor Ap, then it must belong to either Ap or Aps. In this case,
we force a to belong to both Ap and Ap using two GCls:

DNdRAp T ArNMAp
DMN3RAp C Ar M Ap

Finally, this marking mechanism is completed as now a belongs to both A7 and Ag, and
this can be dealt with using the first marking mechanism.

We describe here a reduction from the complement of 2+2-SAT to instance checking in
ELZF with k > 2. To illustrate how it is done, we first show an example of such reduction
for k = 3. We start with a 24+2-CNF formula ¢ = C1 ACo A- - - AC,, with m propositional
variables and n clauses where each clause is of the form C; = ¢; 14V @i 24V i, 1—V —gi 2—.
The ££7% ABox Ay has one individual p; for each propositional variable p; in 9, one
individual ¢; for each clause Cj, one individual f for the whole formula 1, and two
individuals true and false corresponding to propositional constants. Additionally, Ay,
also has three other individuals: a, b and d. In this reduction, the following concept
names are used: Ayqr, A7, Ap, Ap, Ap/, By, By, B3, D; and the following role names
are used: Cl, P, P2, N1, No, R, S. The ABox Ay, the TBox 7 and the query concept
@ are described below.

Ay = {Ar(true), Ap(false),
Cl(f,c1),Cl(f,ca),...,Cl(f,cn), Cl(f,d),
Pi(cr, qia4), Po(er, 24 ), Ni(er, q1,1-), Na(er, qa2-),
Pi(cns qnit), Pa(cns @n2+), N1(cns Gn,i—), Na(cn, Gna—),
Pyi(d, p1), P2(d, p1), N1(d, p1), Na(d, p1),
Pi(d, pm), P2(d, pm), N1(d, pm), N2(d, pim),
Py (d, true), Py(d, true), Ni(d, true), No(d, true),
Pi(d, false), Py(d, false), N1(d, false), No(d, false),
Pi(d,a), Py(d,a), Ni(d,a), Na(d, a),
Avar(p1), Avar(P2); - - - 5 Avar (Pm),
D(a),R(a,p1),...,R(a,pm)},
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T = {Aye C 35.B; N35.B, N 38.B3, (3.9a)
Avar (>3 8) C Ap (3.9b)
Aper M3S.(B1 M By) C Ap, (3.9¢)
Apar M3S.(B1 M Bs) C Ap, (3.9d)
Apar M3S.(B2 M B3) E Apy, (3.9¢)
D3R Ap C ArMAp, (3.9f)
DN3R.Ap T Ap M Arp}, (3.9g)

Q= HCZ(leAF N3P, Ap MAN. Ap M EINQ.AT)

where for all i = 17 <o Iy Qi 145 9245 9615 i 2— € {p17p27 <oy Pm, tT'U@, false}.

Claim: 9 is unsatisfiable if and only if (7, Ay) = Q(f).

Proof of Claim: First, we deal with the “only if” direction. Suppose 9 is unsatisfiable.
Assume that J is a model of 7 and A,. We first show that AT C A% UA}‘Z U A% U Ag,.

var

Suppose z € AJ. Since J is a model of 7, x has one S-filler that belongs to Bl‘j,
one S-filler that belongs to B‘27 and one S-filler that belongs to Bg . Consider the set
M = {y | (z,y) € S7} of all S-fillers of x. Since J is a model of 7, it is clear that
x € (35.B1M3S.BoM38.B3)7 , i.e., M # 0. If [M| > 3thenz € A C ATUATUATUAT,.
Otherwise, there is an S-filler of x, say y, such that either y € B‘17 N Bg ory € Bi7 ﬂBg
ory € Bg N Bg. Hence, either = € A}Z or r € Ag or xr € Ag,. This again implies
T € A% U A% U A% U Ag, as required.

Now we show that f7 € Q7. Since for all p7 € {p{, ool pl € A, we have
pJ € AJ‘ZUA‘PZUAgUAg,. Moreover, we also have {true” , false?} C AIZUA%UA%UA%.
We now distinguish three cases as follows.

e There is an g € {true, false,p1,...,pm} such that ¢7 ¢ Ag U A%. Hence, ¢7 ¢ Ag U
A%,. If ¢7 € A% then obviously a? € (A7 M Ap)7. Similarly, ¢7 € A%, also implies
a’ € (Ar M Arp)?. From either case, d7 € (3P;.Ap N3P, Ap M3AN;. A7 N3Ny . Ar)Y.
We thus conclude f7 € (3CI.(3P.ApM3P. ApM3N;. ArM3N,. A7) Jie., f7 € QY.

e Thereis a g € {true, false,py,...,pm} such that ¢7 € Ag ﬂAg. Then we obtain that
d7 € (AP ApN 3P, ApN3AN,. Ar 3Ny . Ar)Y . Thus, f7 € (3C1.(3P. ApM 3P . ApT
AN Ap 1M E!NQ.AT))j, ie., fj S Qj.

e For all ¢ € {true, false,p1,...,pm}, either ¢ € Ag or q € A;Z but not both. In this
case, like in the ELY case on page 25, it is not difficult to show that unsatisfiability of
¢ implies f7 € Q7 via one ofc;-7, i=1,...,n.

For the “if” direction, assume that 1 is satisfiable and let é be a truth assignment that

satisfies 1. We show that (7', Ay) = Q(f), i.e., there is a model Zs of (7, .Ay) such that
15 ¢ Q%5. Such model Zs of (T,.Ay) is constructed below.

7
A% = {60,61,62,63,&, d,f,C1y ey Cry D1y - -+ s Py tTUE, false}
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o =, for all x € {a,d, f,c1,...,Cn,D1,- .., Dm,true, false}

D% = {a}, AR = AT, =0
Al =A{p1.....pm}
By’ = {e1,e3}, By’ = {ea, es}, By’ = {eo}
AR ={p" | o) =1, p € {p1, . pm}}
AR ={p" | 8(p) =0,p € {p1,...,pm}}
ST ={(p™,e0) | p€{p1,.-..om}}
U{(p™,e1) | 6(p) = true,p € {p1,...,pm}}
U{(p™,e2) | 6(p) = true,p € {p1,...,pm}}
U{(p™,e3) | 6(p) =0,p € {p1,...,pm}}
pls = {(a:I5,yI5) | p(z,y) € Ay} for p € {Cl, P, P>, N1, Na, R}

It is straightforward to verify that Zs is indeed a model of (7, Ay). Moreover, it is not
hard to show that satisfiability of 1 implies f% ¢ Q% (see the proof of the claim that
leads to Proposition 3.8 on page 25). o

Since the size of the ABox Ay is polynomial in the size of the 2+2-CNF formula
1, we obtain coNP-hardness regarding data complexity for instance checking in ££73
w.r.t. general TBoxes. Moreover, as data complexity of instance checking w.r.t. simple
ABoxes in SHZQ, a superlanguage of ££73, is in coNP [Hustadt et al., 2005], we have
the following proposition.

Proposition 3.13
Data complexity of instance checking in ELZ3 w.r.t. simple ABozes and general TBozes
1s coNP-complete. o

An analogous result as the previous proposition for E£2F with k& > 3, can be derived
in a similar way as above. We only need to modify the TBox for the reduction. In the
TBox, we replace the GCI in (3.9a) with a GCI of the form A, T 3S.B1 M...M3S.By
which imposes any individual that belongs to A, to have at least one S-filler. Consider
an individual which belongs to Aye.. First, it can have at least k& S-fillers. Thus, we
replace the GCI in (3.9b) with a GCI of the form A, M (> k S) C Ap. If it has
less than k& S-filler than one of these S-fillers belongs simultaneously to two concepts
among Bji,...,Br. There are (g) possible pairs formed from these k concepts. Thus,
we replace all GCIs (3.9¢)—(3.9¢) with GClIs of the form A, M3S.(B; M B;) C A where
1<i<j<kand Ac {Ap,Ap,,...,Ap,}, k' = (S) — 1. Here, the concept names
Ap,,1<n< (g) — 1 perform as dummy concept names.

For the reduction, we would like to have a “good” truth assignment only if every
individual name that is associated to a propositional variable or constant belongs to Ap
or Ar and not both. Thus, whenever such an individual belongs to one of these dummy
concept names, we view it as a “bad” truth assignment. Since the query concept only
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uses two concept names Ap and Ap, in order to detect such a bad truth assignment,
there has to be an individual which is an instance of both Ar and Ap. Thus, we use an
individual a as a marker such that whenever there is an individual belonging to one of the
dummy concept names, a belongs to both Ap and Ap. This is done by replacing GCIs
(3.9)~(3.9g) with (5) — 1 GCIs of the form DM 3R.Ap, C ArNAp, 1 <n < (§) - 1L
To complete the reduction, we also need to have another individual d which handles the
marking mechanism for detecting any individuals that belong to both Ar and Ap.
Overall, the size of TBox in the reduction is quadratic in k. But this does not matter
since k does not depend on the size of 2+2-CNF formula ¢. Note that the size of the
ABox Ay is polynomial in the size of 1. Hence, together with the coNP upper bound
from the result of [Hustadt et al., 2005], we conclude with the following proposition.

Proposition 3.14
For fized nonnegative integers k > 3, data complezity of instance checking in ELZF w.r.t.
simple ABoxes and general TBoxes is coNP-complete. o

Instance Checking for ££2% without TBoxes

As already mentioned at the beginning of the current subsection, we now proceed with
the investigation on data complexity of instance checking for ££2* without TBoxes.
Unlike ££5F for which data complexity of instance checking is already coNP-complete,
even without the presence of a TBox, data complexity of instance checking in E£2¥ is
polynomial if we disallow a TBox as part of the input. Note that in ££2F, for a simple
ABox A, a role name r, and an individual name d, an at-least restriction (> k r) is true
at d iff the number of r-fillers of d which are explicitly asserted in A is at least k, i.e.,

Al (2 kr)(d) iff [{r(d,d) € A} >k

Thus, we can decide the instance checking in ££2* without TBoxes using an algorithm
that is similar to the one used for deciding instance checking in ££U without TBoxes
which is described on page 21. In fact, we only need to replace the rule (3) there (which
is the rule for handling disjunction) with the following rule where D is the ££2* query
concept.

(3) Let d be an individual name occurring in A R
If (> kr) €sub(D), [{r(d,d’) € A}| > k, and (> k 7)(d) ¢ A,
then A =AU {(> kr)(d)};

Similar to Lemma 3.5, it is easy to show that the resulting algorithm is sound and
complete, and runs in time polynomial in the size of the input ABox. Thus, we obtain
the following proposition

Proposition 3.15
For all nonnegative integers k, data complexity of instance checking in ELZF with simple
ABozes and without TBozxes is polynomial. o
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3.5 Extensions of ££ with Role Complement, Role Union
and Transitive Closures

For this section, we consider E£L77, ££Y and £L£* which are respectively extensions of
EL with role complement, role union and transitive closures. Another extension of £L£
with inverse roles (called ££Z) is not discussed here since data complexity of instance
checking w.r.t. general TBoxes for ££Z can be shown to be polynomial (see Chapter 4).

For ££%7, data complexity of instance checking is coNP-hard even without the pres-
ence of a TBox. This can be shown by a reduction from the complement of 2+2-SAT
which is similar to the one for E£Y. In fact, the reduction for the L7 translates a
2+2-CNF formula 1 with m variables and n clauses into the same ABox Ay in Equation
(3.4) and the query concept @ = 3ICI.(IP1IF-S. T M IP,I-S. T MINIS.T MINL3IS.T).
By observing the fact that for every interpretation Z, AT = (38.T)T U (3-8.T)Z, it is
easy to show that ¢ is unsatisfiable iff (0, Ay) = Q(f) where f is the individual name
occurring in Ay that is associated by the reduction to the whole formula . Thus, we
obtain the following proposition.

Proposition 3.16
Data complezity of instance checking in ELT™ with simple ABozes and without TBoxes
1s coNP-hard. o>

Data complexity of instance checking w.r.t. acyclic TBoxes for ££Y and £L£* can be
proved coNP-hard using reductions that is similar to the one for ££22. For a 2+2-CNF
formula i with m variables and n clauses, the reduction translates v into the same ABox
Ay as in Equation (3.8). The query concept @ is also the same. The difference is only
on the TBox 7 which is given below where 77 is for ££Y and 75 is for ££*, where R and
S are new role names.

Ti={Apr =FRUS.T, Ar=Au NIRRT, Ap = Ay N3IST) (3.10)
Ty = {Aper = IRT.T, Ar = Aoy M3RT,  Ap = Aye, NIRRT T} (3.11)

Note that in Equations (3.10) and (3.11), the union of pairs of concepts Ar and Ap is
equivalent to Ayq,. Hence, using a very similar reasoning to the one used for ££22, with
7T given by the previous two equations, the following claim holds:

Claim: 1 is unsatisfiable iff (7, Ay) = Q(f). o

Thus, analogous with Proposition 3.12, we obtain the following proposition.

Proposition 3.17
Data complexity of instance checking w.r.t. simple ABozes and acyclic TBoxes for ELY
and EL* are coNP-hard. o

Now we are going to show that without TBoxes, data complexity of instance checking
for ££% and £L* are polynomial. The proofs are very similar to the one in the £LU case.
For ££", an algorithm that decides instance checking with simple ABoxes and without
TBoxes can be obtained by modifying the similar algorithm used for EL£U on page 21.
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More precisely, we replace the rule (3) which handles disjunction with the following rule
where rol(D) is the set containing precisely every role name and complex roles occurring
in the query concept D.

(3) If rUs € rol(D), {r(d,d'),s(d,d)} N A# 0, and (rUs)(d,d) ¢ A,
then A =AU {(rUs)(d,d)}.

Beside this, we also modify the rule (4) in order to handle existential concepts with role
union (not just role names).

Meanwhile, for ££*, we obtain a similar algorithm from the algorithm used for £LU
on page 21 by modifying the rule (4) in order to take care of existential concepts with
transitive closures, and replacing the rule (3) with the following two rules.

(3a) It r+ € rol(D), r(d,d) € A, and ¥ (d,d) ¢ A,
then A= AU {rt(d,d)}.

(3b) If r+ € rol(D), {r(d,d'),r*(d',d")} C A, and r*(d,d") ¢ A,
then A= AU {r*(d,d")}.

Like in Lemma 3.5, it is not difficult to show that in both DLs ££Y and ££*, the
algorithms decide instance checking without TBoxes and run in time polynomial in the
size of the input ABox. Hence, we obtain the following proposition.

Proposition 3.18
Data complexity of instance checking for ELY and EL* with simple ABoxes and without
TBoxes are polynomial. o

3.6 Summary of the Chapter

We end this chapter with a brief summary of all results which has been obtained so far.
These results are listed in Table 3.1. In the table, k, k1 and ko are fixed nonnegative
integers.

The results of this chapter are about data complexity of instance checking for exten-
sions of £L with respect to TBoxes. As mentioned in the beginning of the chapter, we
intended the results to be established with respect to general TBoxes. But apparently,
general TBoxes is not always necessary. With respect to general TBoxes, all DLs con-
sidered in this chapter have a coNP-hard (most even coNP-complete) instance checking
regarding data complexity, except those DLs which will be discussed in Chapter 4. With
respect to acyclic TBoxes, the results are also almost completely mapped out. The only
missing results are the coNP lower bound for the DL ££2*, k > 3, as well as the coNP
upper bound for E£57, £V, and £L£*. Meanwhile, for the case in which TBoxes are
disallowed, the table shows that for some of the extensions of ££ considered here, in-
stance checking is polynomial regarding data complexity. Intractability in this case was
established for DLs in which we can express a pair of concepts whose union is equivalent
to the top-concept, i.e., the DLs EL7), E£7, ELYL, €LY, E£5F02k2 gr<k and L5~
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Extensions of £L Data complexity of inst. checking with simple ABoxes
without TBoxes w.r.t. acyclic w.r.t. general
TBoxes TBoxes
ELO) gL coNP-complete coNP-complete coNP-complete
ELU in P coNP-complete coNP-complete
eLvrt ey coNP-complete coNP-complete coNP-complete
ELSF1ZR: coNP-complete coNP-complete coNP-complete
eLsk coNP-complete coNP-complete coNP-complete
ELF |k >2 coNP-complete coNP-complete coNP-complete
EL>2 in P coNP-complete coNP-complete
Eﬁzk, k>3 in P in coNP, hardness coNP-complete
still open
ect coNP-hard coNP-hard coNP-hard
gL, ecr inP coNP-hard coNP-hard

Table 3.1: Data complexity of instance checking for various extensions of ££

An exception to this is the DL ££F/| k > 2, for which data complexity of instance check-
ing without TBoxes is coNP-hard, despite we cannot express a pair of concepts whose
union is equivalent to the top-concept.
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Chapter 4

A Tractable Extension of ££ Regarding
Data Complexity: ££Z7

This chapter deals with an extension of £L for which data complexity of instance checking
w.r.t. general TBoxes has a polynomial upper bound. The extension of ££ which we
are concerned with is obtained by adding inverse roles and global (1-)functionality to
EL. Recall from Chapter 3, Section 3.4 that global functionality allows some roles to be
interpreted as a function everywhere.

In [Baader et al., 2005a,b], it has been shown that subsumption w.r.t. general TBoxes
for extensions of ££ with either inverse roles (££Z) or global functionality (££7) is
ExpTIME-complete. This means that regarding combined complexity, instance checking
w.r.t. general TBoxes for ££Z and ££/ has an EXxPTIME lower bound. However, if we
consider data complexity, instance checking w.r.t. general TBoxes for those extensions of
EL can be shown to be tractable. In fact, we can show that tractability is retained even
if both inverse roles and global functionality are added to £L.

In this chapter, we present the tractability result of instance checking for E£Z7 w.r.t.
general TBoxes. The DL ££Z7 is the extension of ££ with inverse roles and global
functionality. This tractability result will be proved by providing an algorithm that
decides instance checking w.r.t. general TBoxes and runs in time polynomial in the size
of the input ABox.

4.1 The Description Logic ££Z7

The DL EL£Z/ is obtained by extending ££ with inverse roles and global functionality.
Syntax and semantics of inverse roles have been given in Table 2.2. Whereas for global
functionality, the reader may refer to Definition 3.9 on page 26. For presentation in this
chapter, we express global functionality with GClIs of the form T C (< 1 r) for every
role r which is required to be interpreted as a function. Note that functionality is only
in one direction, i.e., if a role name r is functional, then its inverse r~ is not necessarily
functional. If we require an inverse role r~ to be functional, then we simply use the GCI
T C (<1r7) in the TBox.

The algorithm described in this chapter takes four pieces of inputs, namely a general
TBox, an ABox, a query concept and an individual name. For this algorithm, we assume
that the ABox is simple and the general TBox is normalized appropriately. Thus, we
first introduce the notion of normalized TBoxes below.
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4.2 A Normal Form for ££Z/ TBoxes

In the following, for a TBox 7', we use BCs to denote the set that contains precisely the
top-concept T and all concept names appearing in 7. Here, BC stands for base concepts.

Definition 4.1 (Normalized ££Z7 TBox)
Let 7 be a general E£Z7 TBox. Then 7 is normalized if every GCI in 7 has one of the
following forms, where Aq, Ao, B € BCr:

A, C B, A, C 3r.B, A CIr.B TLC

(<1r)
A1MA C B, dr.A; C B, I~ A1 C B TE(Sl

T‘_) o

By introducing new concept names, any £L£Z/ general TBox 7 can be transformed into
a normalized ££Z7 TBox 77 that is a conservative extension of T, i.e., every model
of 7’ is a model of 7 and every model of 7 can be extended to a model of 7’ by
appropriately interpreting additional concept names. As the following lemma shows, this
transformation can be done in linear time yielding a normalized TBox whose size is linear
in the size of the original TBox.

Lemma 4.2
For ELIT, instance checking w.r.t. a general TBox T can be reduced in polynomial time
to instance checking w.r.t. a normalized TBox T' whose size is linear in the size of T .

Proof. A general ££Z/ TBox T can be converted into a normalized one by using nor-
malization rules (4.1a)—(4.1g) given below, where B € BCy, C, D and E are concepts,
C,D ¢ BCr, and A is a new concept name.

CNDEE—{DCACNACE} (4.1a)
IrCCD—{CCA3IACD} (4.1Db)
I~ CCD—{CCAI .ACD} (4.1c)
CCD—{CCAACD} (4.1d)
BC3I.C — {BC3IrAACC} (4.1e)
BC 3~ .C —{BC3Ir A ACC} (4.1f)
BCCND-—{BCC,BCD} (4.1g)

Transformation can be done in linear time resulting in a normalized ££Z7 TBox 7’
whose size is linear in |7 if the normalization rules are applied in two phases:

1. exhaustively apply rules (4.1a), (4.1b) and (4.1c);

2. exhaustively apply rules (4.1d), (4.1e), (4.1f) and (4.1g).
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Here, “rule application” means replacing the GCI on the left-hand side with the set
of GCIs on the right-hand side. The rule (4.1a) is applied modulo commutativity of
conjunction. By examining each rule, it is straightforward to verify that a normalized
ELT! TBox T is obtained by at most |7 rule applications and |7”] is linear in |7.
Moreover, it is easy to show that every model of 7 can be extended to a model of 7"’
by appropriately interpreting new concept names introduced by the normalization rules.
Since it is clear that every model of 7" is also a model of 7, 7’ is indeed a conservative
extension of 7. Thus, given an ABox A, a query concept ), and an individual d, and
provided that ) uses no new concept name from 7’ which is introduced during rule

applications, it holds that (7,.4) = Q(d) iff (77, A) = Q(d). o

First, note that the assumption where @ is not allowed to use the new concept names
from 77 is really necessary for the correctness of the reduction. But this is not really a
problem since we can always apply normalization rules carefully without violating this
assumption. In addition, the TBox obtained by rule applications above is of linear size
only because the normalization rules are applied in two phases. If they are applied
together in one phase, we obtain a quadratic blowup in the worse case due to duplication
of the concept B in (4.1g).

4.3 An Instance Checking Algorithm for ££7/

As already mentioned in the beginning of the chapter, we will derive the tractability of
instance checking for ££Z7 regarding data complexity by providing an algorithm that
decides instance checking for ££Z7 w.r.t. general TBoxes and runs in time polynomial in
the size of the input ABox. In the current section, we will describe this algorithm in more
detail. Because in the previous section, we have shown that, for ££Z/, instance checking
w.r.t. general TBoxes can be reduced to instance checking w.r.t. normalized TBoxes, we
assume from now on that the input TBox for the algorithm is already normalized.

The algorithm which will be described here takes four inputs: a normalized ££Z/ TBox
7T, a simple ABox A;,, a query concept ) and an individual name d. We assume that
d is one of the individuals occurring in A, because otherwise, (7, 4;,) = Q(d) trivially
holds. W.l.o.g., we also assume that the query concept is a concept name, since for every
concept D, it is easy to see that (7, A) = D(d) iff (T U{A4, = D}, A) = A,(d) where A,
is a new concept name. For the data structure, we use an ABox .4 which is initialized to
Ain. The algorithm is realized in the form of a set of completion rules which are used to
manipulate A depending on whether certain preconditions are currently satisfied by A
and 7. Since the objective of the algorithm is to decide whether (7, A;,) E Q(d), i.e.,
whether Q(d) is a logical consequence of 7 and A;,, every completion rule manipulate
the ABox A by generating a new logical consequence of 7 and the current A, and adds
it to A. For ££Z7, this logical consequence can have two forms: a new concept assertion
or an identification of two individual names.

Note that one can impose the so-called unique name assumption on A which requires
the mapping from individual names to elements of the domain of an interpretation to be
injective. In combination with identifications of individual names, this assumption may
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CR1 If {r(z,y),Ay)} CA IrACBeT,and B(z) ¢ A
then A =AU {B(x)}
)

(z
CR2 If{r(y,z),A(y)} CA I~ ACBeT7,and B(z) ¢ A
then A =AU {B(x)}

CR3 Let C,= [] A
A(z)eA
If C, Ty B and B(z) ¢ A
then A = AU {B(z)}

CR4 If {r(z,y1),r(z,y2)} CA,and TC(<17r)eT
then A = Afy2/y1]

CR5 If {r(z1,y),r(z2,y)} C C(<1r)eT
then A = Alxy/x1]

CR6 If {r(y,z), Ay)} CA {TE(<17),AC3InB}CT,B(x)¢ A
then A =AU {B(x)}

CR7 If{r(z,y),Alx)} CA{TC(<1r"),ACI .B}CT7,B(x)¢ A
then A = AU {B(z)}

Figure 4.1: Completion rules for instance checking in E£Z7

result in an inconsistent ABox which immediately implies any assertions. Therefore, in
order not to complicate the discussion, we simply drop this assumption.

The instance checking algorithm for ELIT works as follows. It takes a simple ABox
A, anormalized TBox 7, a query concept name A, and an individual name d as inputs,
and initializes the ABox (for data structure) A to A;,. The algorithm then exhaustively
applies all completion rules in Figure 4.1 to A (in arbitrary order) until no more rule
applies. We assume here that for every individual name a occurring in A;,, T(a) € A,
(otherwise, we simply add such assertions to A before applying any rules). Note that
A and B in the completion rules are concept names or T, and x, y, x1, T2, y1 and s
are individual names in A. Let A,y be A after no more rule applies, and A, the query
concept name. The algorithm returns “yes” if A4(d) € Aoy and “no” if Ay(d) ¢ Aour.

For rules CR1 and CR2, the formulation should be clear from the Figure 4.1. Each of
them basically adds a new concept name assertion to A, whenever an individual belongs
to some existential restriction and this existential restriction implies the concept in the
new assertion.

For applying CR3, we first need to decide whether C;, C7 B. This can be done by
employing a suitable decision procedure for subsumption for any decidable DLs that can
express ELI7, for example, ACCFZI. Note that subsumption for such DLs may have
complexity that is worse than polynomial, e.g., for ALCFZ, subsumption w.r.t. general
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TBoxes is EXPTIME-complete [Calvanese & De Giacomo, 2003; Donini, 2003]. But the
complexity measure of deciding the subsumption C; C7 B depends only on the size of
T, and not on the size of A. As we aim to characterize the complexity of the algorithm
in terms of the size of ABox and not the TBox, which means that the size of the TBox
is assumed to be constant, this intractability of subsumption can be safely ignored, i.e.,
as if the subsumption C, E4 B can be decided in constant time.

Rules CR4 and CRS5 identify two fillers of a functional role. This ensures that func-
tionality restrictions are not violated. We define A[z/y] as the ABox obtained from A by
replacing all occurrences of the individual name x with the individual name y. In gen-
eral, if there are two individuals 1 and xo that have to be identified, we can arbitrarily
choose between replacing all occurrences of x9 with x1, and replacing all occurrences of
x1 with 9. The only exception is when one of the individual name to be identified is
the input individual name d. In this situation, we always replace all occurrences of the
other individual name with d. This is done in order to ensure that d still occurs in the
ABox A after no more rule applies.

Rules CR6 and CR7 work by propagating concept names which are consequences of
TBox axioms to the appropriate fillers of the functional roles. These rules are necessary
because whenever an individual a is known to be an instance of an existential restriction
Jr.B with r functional and an individual b is known to be an r-filler of a, then obviously,
b must be an instance of the concept B.

4.4 Termination and Soundness

We first prove that the algorithm terminates after a finite number of rule applications
which is polynomial in the size of A;,,. Note that in this analysis, the size of 7 is assumed
to be constant.

Proposition 4.3 (Termination)

For every normalized ELTT TBox T and simple ELTT ABox Aqy, the rules in Figure 4.1
can only be applied a number of times polynomial in the size of A;n, and each rule
application can be done in time polynomial in the size of A;p,.

Proof. It is easily verified that the cardinality of BC7 is linear in |7|. We first consider
applications of the rules CR1-CR3, CR6 and CR7. Each application of these rules by
the algorithm adds a concept assertion for an existing individual name whose concept is
a new element of BC7. None of these rules removes assertions from A. Thus, the number
of times that these rules can be performed on a particular individual is linear in the size
of 7. Since the number of individual names occurring in A is linear in the size of A;,,
and no rule adds new individuals to A, the total number of applications of these rules is
linear in |A;,||7]. This is linear in |.A4;,| because the size of T is considered constant.

For each application of CR4 and CRJ5, an individual name is removed from A. Since
no rule adds new individuals to A, the number of applications of these rules is bounded
by the number of individual names in A;, which is linear in the size of A;,. Thus, the
total number of rule applications is linear in the size of Aj;,.
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Note that the size of A during rule applications is linearly bounded by |A;,||7], i.e.,
the size of A is always linear in the size of A;,,. It is easily verified that each application of
CR1, CR2, CR4-CRY7 can be done in polynomial time in the size of A. For CR3, the
rule application involves computing the subsumption relation C; E7 B which employs a
subsumption algorithm w.r.t. general TBoxes for another decidable DL that can express
ELT'. But this computation, albeit possibly worse than polynomial, depends only on the
size of the TBox 7 and not on the size of the ABox A. Since we consider data complexity
which depends only on the size of the ABox, we conclude that the application of CR3
can be done in polynomial time in the size of ABox A. We thus conclude that each rule
application can be done in polynomial time in the size of A;,. o

Next, we deal with soundness of the algorithm. Let A, be the ABox A after the
algorithm terminates, i.e., A,y is obtained by the application of the rules in Figure 4.1
to the input TBox 7 and the input ABox A;,. We show that if the algorithm returns

“yes”, i.e., the query concept assertion is in Ay, then this assertion is indeed implied by
7 and .Am

Proposition 4.4 (Soundness)

Let A;y, be a simple ABox , T a normalized TBox, Ay a query concept name, and d an
individual name. Let Aoy be the ABox that is obtained by the application of the rules in
Figure 4.1 to T and A;,. Then we have,

Aq(d) € Agur implies (T, Ain) = Aq(d).

Proof. In the following, we use Aj, i = 0,1,..., to denote the ABox after the j-th rule
application. For showing soundness, it suffices to show that after the j-th rule application
(for every j =0,1,...), ¢ € A; implies (7, A;,) = «. This will be proved by induction
on i in the following. The induction base (j = 0) is trivial, since Ag is initialized to A;,.
Assume for induction that the claim holds after the j-th rule application (for some j > 0).
To prove the induction step, i.e., that the claim holds after j + 1-st rule application, it
suffices to show that everything that is added to A; on the j + 1-st rule application
is implied by 7 and A;,. The j + 1-st rule application is always one of CR1-CRT,
therefore, we distinguish seven cases as follows:

CR1: By induction hypothesis, the precondition of CR1 implies (7, A;,,) = r(z,y) and
(T, Ain) E A(y), i.e., for every model Z of T and A, (z%,9%) € r7 and y* € AZ,
for some concept name A, role name r, and individual names x and y occurring
in A;. By the semantics, it follows that 27 € (3r.A)Z. Since T is a model of T
and 3r.A C B € T for some concept name B, we thus have that 27 € BT, i.e.,
(7, Ain) = B(x). Hence, the claim holds after applying CR1 on the j + 1-st rule
application, since A1 = A; U{B(z)} by CR1.

CR2: Similar to the CR1 case.
CR3: By induction hypothesis, the precondition of CR3 implies (7, A;,) | Cy(x) for

some individual name = where C;, = [] A. Moreover, it follows from the
A(z)eA
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precondition of CR3 that 7 = C, C B for some concept name B. Obviously,
this implies that for every model Z of 7 and Aj,, 2% € BZ, ie., (T, An) = B(x).
Hence, the claim holds after applying CR3 on the j + 1-st rule application, as
Aj1=A; U{B(z)} by CR3.

CRA4: By induction hypothesis, the precondition of CR4 implies (7,A4;,) = r(x,y1)
and (7, Ain) | r(z,92), i.e., for every model Z of 7 and A, (z%,97) € r% and
(xF, yQI ) € r! for some role name r and individual names z, y; and g, occurring
in A. Since Z is a model of 7 and T C (< 1 7) € 7, 2% must only have one
r-filler. Thus, it must be the case that ylz = y% . Hence, the claim holds after
applying CR4 on the i + 1-st rule application, since by CR4, A1 = A;[y1/y2]
or Aji1 = Ajly2/1].

CR5: Similar to the CR4 case.

CR6: By induction hypothesis, the precondition of CR6 implies that (7, A;,) E r(y, x)
and (7, Ain) = A(y), ie., for every model T of 7 and Aj,, (y*,2%) € ¥ and
y* € AT, for some concept name A, role name r, and individual names z and y
occurring in A. Since Z is a model of 7 and T C (< 17) € T, we have that 27
is the only r-filler of . Thus, because A C 3r.B € 7 for some concept name B,
it must be the case that 27 € BZ, i.e., (T, A;n) = B(z). Hence, the claim holds
after applying CR6 on the j + 1-st rule application, since Aj1; = A; U{B(z)}
by CR6.

CR7: Similar to the CR6 case.

This finishes the proof of the claim from which the soundness immediately follows (as
the algorithm terminates). o

4.5 Completeness

After proving soundness in the previous proposition, we now show that the algorithm is
complete, i.e., if (7, Ain) = Aq(d) then the algorithm returns “yes” (i.e., A4(d) € Aout
where Ay, is the ABox after termination). We show this by proving the contrapositive,
namely, if the algorithm returns “no” (i.e., A¢(d) ¢ Aout), then (7, Aip) = Aq(d). Hence,
from Ao, we need to construct a model of (7, A;,) that does not satisfy A,(d).

Since A € Aout, a model of Ay is clearly also a model of A;,. But in constructing
a model of 7, we cannot just consider individual names occurring in A, because there
may be additional individuals which do not explicitly occur in A,,:, but are nevertheless
necessary for a model of 7. The idea is to consider every individual name in Agy¢
separately. For each individual name a in A, we construct a model of 7 starting just
from the concept assertions for a. This ensures that the additional individuals which
do not explicit occur in Ay, but are nevertheless necessary for a model of 7, are all
properly considered. The desired model is then basically obtained by combining all these
separately constructed models.
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Definition 4.5 (Closed under 7 -consequence)
Let 7 be a normalized TBox and S a set of concept names. Then S is closed under
T -consequence iff for every concept name A,

|—| B =7 A implies A € S. o
BeS

Note that a set of concept names S is interpreted as a conjunction of its elements.
With a slight abuse of notation, we define for every interpretation Z, S% = ([, A)%.

For an individual name a occurring in the ABox Ay, let S(a) be the set of all concept
names A such that A(a) € Ayy. Because CR3 is not applicable anymore after termina-
tion, it is clear that S(a) is closed under 7-consequence. Our claim is that for each set
S that is closed under 7 -consequence, there is a model Z of S and 7, and an individual
d? in the domain of Z such that the concept names which are true at d* are precisely
the concept names in S.

Lemma 4.6
Let T be a normalized ELTT TBox and S a set of concept names that is closed under
T -consequence. Then there is a model I of S and T, and an individual d € AT such that
for all concept name A,

Ae Siffde AT o

We now prove this lemma. Let S be a set of concept names and 7 a normalized E£Z'
TBox such that S is closed under 7-consequence. We construct a (possibly infinite) tree
structure from S and 7 whose nodes are labeled with sets of subconcepts of S and 7.
The construction is done in such a way that the tree describes a model of S and 7', and
additionally, there is a homomorphism, i.e., a structure-preserving mapping, from the tree
to every model of S and 7. Of course, the notion of homomorphism mentioned before
is still unclear, as its precise definition will only be provided later. But the important
point is that the existence of such a homomorphism is needed to ensure that at the root
of the tree, all occurring concept names belong to S.

Before we proceed, let us first make some notions mentioned in the previous paragraph
more precise with the following definitions.

Definition 4.7 (Subconcepts of concepts, sets of concepts and TBoxes)
For an £LZF concept C, the set sub(C') of subconcepts of C' is inductively defined by:

e sub(A) = {A}, for A€ {T}UNc;
e sub(C1 D)= {CMD}Usub(C)Usub(D);
e sub(Jo.C) = {Jo.C'} Usub(C) where o is a role name or an inverse role;

e sub((<10))={(<10)} where o is a role name or an inverse role.

If S is a set of ELZ7 concepts, then sub(S) = Ucegsub(C).

For a GCI D C D', we define sub(D C D') = sub(D) Usub(D").

For a (general) TBox 7, we define the set subs(C') (resp. subT(S’)) of subconcepts of a
concept C' (resp. a set of concepts S) w.r.t. 7 by:
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o sub;(C) =sub(C)U{E|Ee€sub(DC D'),DC D €T}
o sub;(S) =sub(S)U{E|Eesub(DC D'),DC D' €T} o

We assume that all existential concepts 30.D in subz(S) are linearly ordered where o is
either a role name or an inverse role. Additionally, we assume that there are k existential
concepts in subz(S) and that ¢(i) denotes the i-th existential concept in subz(S).

Definition 4.8 (Tree for sets of concepts and TBoxes)

A tree for S and T is a (25”b7(s),R517—)—1abeled tree Tsr = (As7,I's71,As 1) where
2sub7(5) g the collection of subsets of sub7(S), Rs7 is the set of all role names and
inverse roles appearing in 7, Ag 7 is the set of nodes satisfying Ag7 C {1,...,k}* with
the empty word € as the root, I's 7 is the set of edges labeled with elements of Rg 7,
i.e., it consists of triples of the form (v, o, v’) where v,v" are nodes and o is an element
of Rs 7, and Ag7 is a mapping that maps an element of Ag7 to an element of subr (5)
In this tree, wi denotes a child of a node w where i corresponds to the i-th existential
concept ¢(i) = Jo.A € subr(S), and the edge from w to wi is labeled with o. o

The aforementioned notion of homomorphism from a tree for S and 7 to a model of
S and 7 is defined more precisely in the following.

Definition 4.9 (Homomorphism)

Let Ts 7 be a tree for S and 7, and J = (A7) amodel of S and T. A homomorphism
from Ts 7 to J is a mapping 7 from the set of nodes Ag7r C {1,...,k}* to A7 such
that for every node w € Ag 7:

(h1) A € Ag7(w) implies 7(w) € AZ for every concept name A;
(h2) if (w,7,w') € s then (T(w), 7(w")) € rL.
(h3) if (w,77,w’) € g7 then (7('),7(w)) € rZ. o

Having defined all needed notions, we can now start proving Lemma 4.6. We begin by
constructing a tree for S and 7 that describes a model of .S and 7. We then show that
for every model of S and 7, there is a homomorphism from the tree to it. Afterwards, we
show that all concept names occurring at the root of the tree are the ones which precisely
belong to S.

We construct the tree by inductively building Ag7,I's 7 and Ag 7 starting from the
root. For the construction, induction is done on n € N. We use V,,, E,, and A,, to denote
Ag71,I's7 and Ag7 in the n-th step of the construction.

We start with n = 0, for which we define:

Ay = {e} Ip=10 Ao(e) =S U{T}

Next, assume that up to some n > 0, A,,I', are already defined and A, (v) is also
already defined for all v € A,. We choose a node w € A,, for which at least one of the
following cases are applicable and |w| is minimal, and proceed with applying any one of
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the applicable cases. If there is no such node then we simply set A,+1 = Ay, 1 =1y
and Apyr1 = A,. In the following, o denotes either a role name or an inverse role, and
Inv(o) denotes the inverse of o that is defined as:

Inv(o) =

r~ if ¢ = r is a role name
T if 0 = r~ is an inverse role

(T1) If for some i € {1,...,k}, there is an existential concept ¢(i) = 0.4 € Ap(w)
suchthat TC (<10) ¢ 7T, (w,0,wi) ¢ 'y, and wi ¢ A, then A1 = A, U{wi},
Fpi1 =T, U{(w,o,wi)}, and for every v’ € Ap4q,

ATY ifW = wi,
As (o) = {{ }

A (W) otherwise

(T2) If for some i € {1,...,k}, there is an existential concept ¢(i) = 0.4 € Ap(w)
such that T C (< 10) € 7, then we distinguish three subcases.

a) There is a w € A,, such that (@, Inv(o),w) € 'y, and A ¢ A, (@).
Then A1 = Ay, Tpy1 =Ty, and for every o’ € Ay,

An(WHU{A, T} ifw =0,
by o= { U LATY |
Ap(w) otherwise
b) For every @ € A,, (@,Inv(c),w) ¢ I'y, but there exists wj € A, such that
Jj #i, (w,o,wj) €Ty and A ¢ Ap(wj). Then Appq = Ay, Tpy1 =Ty, and
for every w’ € A,1q,

Ap(WYULA, T if W = wy,
Ms (&) { () U{4, T} j

Ap (W) otherwise

c¢) For every @ € A, (©,Inv(o),w) ¢ Ty, (w,o,wi) ¢ T',, and wi ¢ A,,. Then
Apt1 = Ap U{wi}, Ty =T, U{(w,o,wi)}, and for every w’ € A1,

AT ifw = wi,
Mor() = {{ }

A, (@) otherwise

(T3) If there is a subset S C A,(w) such that S contains concept names or the top-
concept, ([4cgA) EC €T, and C ¢ Ap(w), then Ayyq = Ay, Tpyq =T, and
for every w’ € Apiq,

Ap(W)U{C, T} fw =w,

Ap (W) otherwise.

An+1 (w/) — {
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(T4) If there is a node @ € A, such that either (w,o,w) € T, or (@, Inv(o),w) € Ty, and
it also holds that 30.AC B € 7T, A € Ap(w) and B ¢ A, (w), then A,yy = A,
[pi1 =Ty, and for every w’ € Apiq,
, Ap(WHU{B, T} ifuw =w,
App(w') = ' .
Ap(wh) otherwise.

The resulting tree Ts 7 = (Ag7,I's 7, As ) is obtained by taking unions over all n:

o x o
Asr = A Psr = T Asr= A
n=0 n=0 n=0
By construction, it is trivial to see that Ag 7 C {1,...,k}*, I's7 C Ag7 X Rs7 X Ag T,

and Ag7 is indeed a mapping from Ag7 to 2sub7(S)  The tree shape is guaranteed
because by construction, each node w (except €) has one predecessor w’ where w = Wi
for some i € {1,...,k}.

Notice that this tree is finitely branching but may be infinite due to (T1) and (T2c)
of the inductive construction step which generate new nodes. In addition, each induction
step adds one new element from subz(.S) to a node label and never removes such elements.
Because subz(.S) is finite, obviously each node has a finite set as label. Thus, for each
node w, (T1)—(T4) can only be applied to w finitely many times. From this observation
and the fact that in every construction step, we always choose a node w for which the
length of w is minimal, it follows that for each node w, there is a natural number n
such that for every m > n, none of (T1)—-(T4) is applicable in the m-th step of the
construction.

We now show that Ts 7 = (Ag7,I's.7, As7) describes a model of S and 7. We define
an interpretation Z = (A%, -7) with the domain AZ = Ag 7, and set

rt = {(w,wi) € AT x AT | (w,r,wi) €Ts1,i€{1,...,k}}
U{(wi,w) € AT x AT | (w,r™,wi) € Tg1,i € {1,...,k}} for each role name r
AT ={we AT | A€ Ag7(w)} for each concept name A

Lemma 4.10
7 is a model of S and T

Proof. Since by construction, the set of concept names S satisfies S C Ag7(€), we
obviously have € € S, i.e., T is a model of S. It now remains to show that 7 is also a
model of 7. We examine each possible form of GCI in 7 which is already normalized.

e TC (<1r)and T C (<1s7). GCIs of these forms are satisfied since by (T2), every
w € Ag obeys all functionality restrictions.

e A C (C where A is a concept name or T, and C'is either a concept name or an existential
concept. Suppose w € AL. By definition of Z, A € Ag7(w). Because after finitely
many construction steps, none of (T1)—(T4) is applicable to w, (T3) has already been
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applied to w. Hence, we have C € Ag7(w). If C' is a concept name, then the definition
of Z implies that w € CZ. If C is an existential concept, then w € C7 is an immediate
consequence of the definition of Z and the fact that either (T1) or (T2) has already
been applied to w.

e A; M Ay C B where Aj, Ay and B are concept names or T. Assume w € (41 M AQ)I =
ATNAZ. By definition of Z, {A1, A2} C Ag7(w). Since after finitely many construction
steps, none of (T1)—(T4) is applicable, (T3) must already have been applied to w.
Consequently, B € Ag7(w). By definition of Z, we conclude w € BZ.

e Ir.AC B where A and B are concept names or T. Suppose w € (Ir.A). Then there
is an w’ € AT such that (w,w’) € r? and o’ € AT which implies A € Agr(w') by
definition of Z. By definition of 7%, either w’ = wi or w = w'i for some i € {1,...,k},
which implies either (w,r,w') € I'st or (W,r",w) € I'sr. For both cases, because
(T1)—(T4) are no longer applicable after finitely many construction steps, (T4) has
been applied to w. This yields B € Ag7(w). Consequently, by definition of 7, w € BZ.

e Jdr—.AC B where A and B are concept names or T. Similar to the previous case.

Since 7 satisfies all possible form of GCIs in a normalized 7, we conclude that 7 is indeed
a model of 7. o

Next, we show in the following lemma that for every model of S and 7, there is a
homomorphism from the tree Ts 7 to it.

Lemma 4.11
For every model J = (AY,-7) of S and T, there exists a homomorphism from TsT =
(Ast, s, As1) to T = (AT,-7).

Proof. Let J = (A7,-7) be any arbitrary model of S and 7. We construct an
appropriate mapping 7: Ag7r — A . The construction is done inductively accord-
ing to the inductive construction of Ts7. We will use 7, to denote the mapping
in the n-th step of the construction where n = 0,1,.... We also use the notation

(T1), w (T4), w

(Ana Ln, An) - (An+17 Lo, An+1)a SR (Ana Ln, An) (An+1a Lnt1, An+1)
to indicate that the m + 1-st construction step is due to applying (T1)-(T4) to a
node w € A,. During the construction, we maintain the following property for every

n=20,1,...:

(P1) for every concept name A, A € A,(w) implies 7,(w) € A7 for all w € Ay;

(P2) for every role name 7 and nodes w,w’ € A, (w,r,w’') € T';, implies
(Tn(w), Ta(w)) € 77

(P3) for every role name r and nodes w,w’ € A, (w,r,w’) € T';, implies
(T (W), Tn(w)) € 7.
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We start from n = 0, beginning with the root e. By the construction of the tree,
Ag = {e}, To = 0 and Ag = {(6,SU{T})}. Since J is a model of S, there is an
individual g € AY such that 2o € SY. We thus simply choose such an zy and set
10(€) = o, i.e., 70 = {(€,20)}. Note that (P1)-(P3) hold for n = 0.

Assume now for induction that (P1)—(P3) hold for some n > 0. We show that (P1)—
(P3) also hold for n + 1 while at the same time constructing 7,41 from 7,. First of
all, if (A, Tn,An) = (Ant1,Tnt1, Apy1) (no change in the tree), then we simply set
Tn+1 = Tpn, Whereby it is obvious that (P1)—(P3) are still satisfied. Otherwise, we make
case distinction based on cases of the tree construction. Here, o denotes a role name or
an inverse role.

(T1), w .
o (A, T, Ay) (Apt1,Tnt1, Apt1). Due to (T1), for some i € {1,...,k}, there
is an existential concept ¢(i) = Jo.A € Ay (w), suchthat TC (< 10) ¢ 7T, (w,0,wi) ¢

I, and wi ¢ A,, and we have A1 = A, U {wi}, T'y1 = Ty U {(w,0,wi)} and

Apy1 = Ay U {(wi, {A, TH}. Since (P1) is satisfied for n, we have 7,(w) € (Jo.A4)7.

By the semantics, there is an individual # € A7 such that (1,(w),x) € 0/ and x € A7.

Hence, we choose such an z and set 7,41 = 7, U{(wi, )}, i.e., Th+1(wi) = x. By this

construction step, (P1), (P2) and (P3) clearly still hold for n + 1.

(T2), w . .
o (A, T, Ay) —— (Ani1,Tng1, Ant1). By (T2), for some i € {1,...,k}, there is
an existential concept ¢(i) = 30.A € Ay (w) such that T C (< 10) € 7 and precisely
one of the following holds:

* there is an w’ € A,, such that (&', Inv(c),w) € T, and A ¢ A, (') (by (T2a));

* there is no w’ € A,, such that (w/,Inv(o),w) € T, but there is an wj € A,, such that
j#iand (w,o,wj) €y and A ¢ Ap(wy) (by (T2b));

* neither (o', Inv(o),w) € Ty, nor (w,o,w’) € Ty, for every v’ € A,, (by (T2c)).

In all three cases, we have that 7,(w) € (30.A4)7 and 7,(w) € (< 1 0)7 since (P1) is
satisfied for n and 7 is a model of 7. Thus, there is a unique individual x € AY such
that (1,(w),r) € 07 and x € A7.

For the first case, no new node and edge are added. The only change is A, 41 (w') =
An(w') U {A}. Since (P3) is satisfied for n, we already have (7,(w), 7, (w')) € 0.
Moreover, 7,(w') is the unique o-filler of 7,,(w) because 7,(w) € (< 1 0)7 as J is a
model of 7. Thus, it must be the case that 7,(w’') = z is satisfied before the current
induction step. As no change is needed to 7,, we simply set 7,41 = 7,,. Note that
(P1), (P2) and (P3) clearly hold for n+ 1 since they hold for n and adding A to the
label of w’ is the only change.

The second case is very similar to the first one where the only change is A1 (wj) =
An(wj) U{A} with j # i. As (P2) is satisfied for n, we have (7,(w), 7,(wj)) € o7.
Moreover, 7,(wj) is the unique o-filler for 7,,(w). Thus, 7,(wj) = = already holds
before the current induction step. Thus, like in the first case, we simply set 7,41 = 7,,.
For n+ 1, (P1), (P2), and (P3) hold similarly like the first case above.
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For the third case, we have added a new node wi, a new edge (w,o,wi) and set the
label of wi with A,41(wi) = {A, T}. For the construction of 7,41, we simply set
Tnt1 = Tn U {(wi,x)}, i.e., Tpy1(wi) = z. Like application of (T1), we have that
(P1), (P2) and (P3) hold for n + 1.

o (A, T, Ay) % (Ap+1,Tnt1, Ant1). Applying (T3) means there is a subset
S of Ap(w) containing concept names or T such that ([7] 1cgA) ©E D € T where
D ¢ A, (w), and either D € BCy or D is an existential concept. Moreover, we have
that Apt1 = Ay, Tppr =T and Ay = (A \ {(w, Ap(w))}) U {(w, An(w) U{D})}.
In this case, we just set 7,41 = T,. By construction of 7,11, induction, and the fact
that J is a model of 7, (P1), (P2) and (P3) obviously hold for n + 1.

(T4), w . N .

o (A, T, Ay) (Apt1, 01, Apg1). There is a node @ € A,, such that either
(w,0,w) € Ty, or (W, Inv(c),w) € Ty, and it also holds that 30.AC B € 7T, A € A, ()
and B ¢ Ay (w) for A, B € BCy. Furthermore, we have A, 11 = Ay, 'y =T, and
A1 = (A \{(w, Ap(w))}) U{(w, Ap(w)U{B})}. For this case, we set 75,11 = 7,. By
construction of 7,41, induction, and the fact that J is a model of 7, (P1), (P2) and
(P3) obviously hold for n + 1.

Thus, we conclude that (P1)-(P3) hold for every n = 0,1,.... The mapping 7 is
then defined as: .
T = U Tn
n=0

By construction, 7 is indeed a well-defined mapping from Ag7 to A7 In addition, as
(P1)—(P3) hold for every n = 0,1,..., (h1)-(h3) of homomorphism (Definition 4.9)
are satisfied by 7, i.e., 7 is a homomorphism from 757 to a model J of S and 7. Since
the proof is independent of the choice of 7, we conclude that for every model of S and
T, there is always such a homomorphism 7 from the tree Ts 7 to it. o

Next, we use the previous lemma to show that at the root € of the tree Tg 7, if a
concept name is in its label then the concept name belongs to S.

Lemma 4.12
For every concept name A, A € Ag1(e) implies A€ S.

Proof. We show that for every concept name A, A € Ag7(e) implies S =7 A. Suppose
otherwise, i.e., that A € Ag7(e) but S =7 A. Then there is a model J of S and 7
and an individual y € A7 such that y € S but y ¢ A7. By Lemma 4.11, there is a
homomorphism 7 from T's 7 to J such that 7(e) = y. But due to (h1) of homomorphism,
A € Ag7(e) implies y = 7(e) € A7 which is a contradiction. Hence, for every concept
name A, A € Ag7(e) implies S =7 A. Finally, the lemma is established since S is closed
under 7 -consequence. o

Lemma 4.6 is then established as follows. By definition of Ts7+ = (Ag7,I's7,As7)
and using Lemma 4.10, we obtain a model Z of S and 7 whose shape is a tree with €
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as its root and whose domain is all nodes of Ts 7, i.e., the set Ag7. Lemma 4.10 also
shows that for the root € and every concept name A, A € S C Agr(e) implies € € AZ.
In addition, it follows from Lemma 4.10 and Lemma 4.12 that for every concept name
A, e € AT implies A € Ag7(e) which then implies A € S. Hence, we conclude for
every concept name A, that A € S iff e € AZ. The existence of the individual d is thus
guaranteed by simply setting d = e.

The completeness is proved by showing that (7, A;,) = A4(d) implies that the algo-
rithm returns “yes”, i.e., A4(d) € Aoy We show this result by proving the contrapositive,
ie., Ag(d) ¢ Apy implies (T, Ai) ¥ Aq(d). The proof constructs a model, say Z, of
(T, Aip) that does not satisfy A,(d), provided that Ag(d) ¢ Agys.

The idea is that a part of 7 is described by the ABox A,ut, because a model of Ay is
clearly also a model of Aj,. The other parts of Z are obtained by considering additional
individuals which do not explicitly occur in A, but are nevertheless necessary for a
model of 7 because of the computation of subsumption, i.e., 7-consequences, in the rule
CR3. Such parts of 7 are constructed by applying Lemma 4.6 to every individual name
occurring in Ayyz. 7 is then obtained by combining all those mentioned parts together.
The combination must be done carefully, in order not to violate functional restrictions
applied to some roles (role names or inverse roles). In particular, we have to take into
account the following situation in which there is a role assertion f(a,b) € Ay for which
f is functional, but on the other hand, an f-filler of a has also been generated due to
Lemma 4.6. In such a situation, in order to obey the functionality restrictions, we need
to ‘cut’ a part of the model 7 which has been constructed by Lemma 4.6 where this part
is connected from a by the functional role f.

We are now ready for the main result of this subsection, where the above idea will be
made precise.

Proposition 4.13 (Completeness)

Let Ajy, be a simple ABox , T a normalized TBox, A, a query concept name, and d an
individual name. Let Ay be the ABox that is obtained by the application of the rules in
Figure 4.1 to T and A;,. Then we have,

Aqg(d) & Aoyt implies (T, Ain) = Aq(d).

Proof. Suppose A,(d) ¢ Aoyt We construct a model of (7, .A;y,) that does not satisfy
A,(d).

Assume w.l.o.g. that there are m individual names by,...,b, occurring in A;,,
there are n individual names aq,...,a, occurring in A, and d = a;. Note that
d € {a,...,an,} C {b1,...,by} and n < m due to applications of rules CR4 and
CR5 which identify some individual names. For each a;, i = 1,...,n, we define a set
P(a;) C{bi1,..., by} that satisfies

(1) a; € P(a;); and
(2) bj € P(a) iff there is a b € P(a;) such that b; was identified with b by CR4 or CR5.
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It is easy to see that P(a;), i = 1,...,n, form partitions of the set of individuals
{b1,...,b;m} in Ajy,. Since CR4 and CR5 are sound, if an individual name x is identified
with an individual name vy, then 27 = y7 for every model J of 7 and A;,. Thus, all
elements of P(a;) are interpreted as the same individual in the domain of any model of
T and A;,.

For every individual name a;, ¢ = 1,...,n, we define a set S; as follows:
SZ‘ = {A ‘ A(al) S Aout}

Since rule CR3 is not applicable (to Ayy¢) anymore after termination, it is clear that S;
is closed under 7-consequence. Thus, by Lemma 4.6, for every a;, i = 1,...,n, there is
a tree model Z; of S; and 7 with aiI “ as its root (by simply mapping a; to the root of the
tree model Z;) such that for every concept name A, A € S; iff aiL' e A%,

Due to Lemma 4.10, each model Z; of S; and 7 is actually defined such that A% C
{1,...,k}* where k is the number of existential concepts in subz(S). To distinguish such
models due to different a;’s, we attach a subscript a; for every element of A%i. Thus, e,
is the root of tree model Z; where aiL' = €4, and by using subscripts here, we can assume
that AZin N A%z = ) for every 1 < j; < jo < n.

With every individual name a;, i = 1,...,n, occurring in A+, we associate the set

Fy={r|3b:r(a;b) € Aput, TC(<1r)eT} U
{s7 | 3b: s(b,a;) € Aout, TE (< 1s57) €T}

Observe that F; consists of roles (role names and inverse roles) that connects a; to another
individual in A,,; and is required to be functional.

For each Z;, i = 1,...,n, we define an interpretation J; = (A%, -%) from the tree
model Z; by ‘cutting’ subtrees whose roots are connected from a; via functional roles in
F;. With each set F;, we associate a set 0y, which is defined by

O, = {jws, € AT | To € Fy: (€a;5a;) €075 € {1, kb we {1,... k}}

It is obvious that 2r, contains precisely those elements of AT that form subtrees of Z;
whose roots are connected from aiI' " = €4, via some functional role in F;. Now, for every
1 <i < n, an interpretation 7; is defined below:

AT = AT\ Qp

Ji — ZLi _
ay’ =a;’ =€

AT = ATi 0 AT for each concept name A

r7i =% 0 (A7 x A7) for each role name

Note that for every J;, all elements of AZ¢ are retained in A7+ except the ones in F;, in
particular, the root €, is still retained as the root of J;. In addition, like in Z;, for each
Ji, there is only one individual name occurring in A, namely a;, that is mapped to
an element of A7 i.e., the root e,,. Thus, in the definition of J; above, a; only stands
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for that one particular individual name occurring in Ay, and is not quantified over all
individuals occurring in Agys.

Next, we define an interpretation Z = (AZ,-Z) by combining all interpretations J;,
i=1,...,n as follows:

n

AT =A%
=1
a; = a;"' = €g; lor every individual name a;, ¢ = 1,...,n, occurring in Aqyt

n

AT = U A7 for every concept name A
=1

n
rt = {(aI, bI) | (a,b) € Apus } U U r7i for every role name
i=1

We show that 7 is a model of (7, .A;,) that does not satisfy A,(d). By definition of
AT and S; for every i = 1,...,n, Lemma 4.6, the fact that for every individual name a;,
i=1,...,n, occurring in Ay, aiz = a;ﬁ = aiL' ¢ Qp,, and since domains of J;, and Jj,
are disjoint for every 1 < j; < jo < n, we have for every concept name A and individual
name a;, t = 1,...,n,

A(a;) € Ao iff A € S; iff ¥ € AT iff of = o' € AT C A7

Thus, we first obtain that Z is a model of A,,:. Secondly, it is also a model of A;,, because
for every concept assertion B(b) € A;,, if b does not appear in A,y then b € P(a;) for
some 1 < i < n which implies b% = al-I. Additionally, by some applications of CR4
and/or CR5, we must have B(a;) € Aoy. This implies b7 = a? € BZ. In addition, since
we assume d = ay, d = a? and Ay(d) € Aopue iff Ag(ar) € Aoye. Thus, if Ag(ar) ¢ Aow
then A, ¢ S, which implies dZ = af ¢ Ag, i.e., Z does not satisty A,(d).

It now remains to show that Z is a model of 7. To prove this, we distinguish cases
based on possible forms of GCIs in 7 that is already normalized. In the following, we
assume A, A1, Ay and B are concept names or T, and 7 is a role name. Additionally, we
use the fact that for every 1 < ¢ < n, Zg, is a model of 7.

e TC (X 17). Let v € AT, If there is no v' € A such that (v,v’) € r% then we are
done. Thus, suppose there is at least one r-filler v/ € AT of v, i.e., (v,0') € . We
distinguish two cases based on whether or not v € {a1,...,a,}.

*x v ¢ {ay,...,an}. Then {v,v'} C AJi\{a;} C A%\ ({a;}UQE,) for some i, 1 < i < n.
Hence, v € (< 1 7)? is a consequence of the fact that Z; is a model of 7.

x v = al for some i, 1 <i < n. First, if 7(a;, b) ¢ Aoy for any individual name b, then
v' € A7 and (v,v') € r7i C 7%, Hence, like above, v € (< 1 7)? is a consequence
of the fact that Z; is a model of 7. Second, if r(a;,b) € Ay for some individual
name b occurring Ay, then we show that v/ = b2 and it is the only r-filler of v.
Note that since CR4 and CRJ5 cannot be applied anymore to A, we have that,
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in fact, b is the only individual name occurring in Ay, such that r(a;,b) € Agye. It
remains to show that v’ = b%. Notice that » € F;. Moreover, it must be the case
that v/ ¢ A%, since otherwise, we would have v’ € Qp, implying v’ ¢ AZ which is
a contradiction. Hence, by definition of £, we obtain that v" = b* from which it
follows that v € (< 1 7)7.

T C (< 1r7). Similar to the previous case.

AC B. Let v € AT be such that v € AZ. By definition of Z, we have v € ATi C AT
and additionally, v € A7 C A% for some i, 1 < i < n. Since Z; is a model of T,
v € B%i. Moreover, because B is also a concept name and it is obvious that v ¢ F
we obtain v € B C BT by definition of J; and Z. We thus conclude that Z satisfies
GClIs of the form A C B.

A1 M Ay C B. Similar to the previous case.

A C 3r.B such that T C (< 17) ¢ T (r is not functional). Let v € A% be such that
ve AT By definition of Z, we have v € A7 and v € A7 C AL for some i, 1 < i < n.
Then v € (Ir.B)% because Z; is a model of 7. Thus, there is a v/ € A% such that
(v,v") € r%i and v’ € BLi. If v # ¢,,, then obviously v’ ¢ Qp. Otherwise, v’ ¢ Qp,
isdueto TC (< 17)¢T,ie,r¢ F. In either case, we obtain (v,v’) € 77 and
v' € BY yielding v € (3r.B)7 C (3r.B)%. It thus follows that Z satisfies GCIs of the
form AC 3r.B such that TC (< 17r) ¢ 7.

AC Ir~.Bsuchthat TC (< 177) ¢ 7 (r~ is not functional). Similar to the previous
case.

A C 3r.B such that T C (< 17) € T (r is functional). Let v € A be such that
ve AT, Thus, v € A% and v € A% C A%i for some i, 1 < i < n. Since Z; is a model
of 7, it follows that v € (Ir.B)% and v € (< 1 r)%i. By the semantics, there is a
unique v’ € A% such that (v,v’) € r% and v’ € B%. We distinguish two cases.

* U # €q;, OF U = €4, but there is no assertion r(a;,b) € Ay, for some individual b in
Aout- Then o' ¢ Qp., ie., v € A%, This yields (v,v’) € r% and v' € B, ie.,
ve (Ir.B)i C (Ir.B)L.

* U = €g, and there is an assertion r(a;,b) € Ay for some individual b in Ay Then
v' € Qp, because 7 € F;. We thus have v’ ¢ A7 yielding v ¢ (3Ir.B)7. But after
termination, CR6 is no longer applicable to a; and we obtain B(b) € Ayy. Since
7T is a model of Ay, we have (a;,b) € r% and b € B? where aiI = a;-]" = €, = V.
Hence, we conclude v € (3r.B)Z.

In either case, v € AT implies v € (Ir.B)? for a functional 7. We thus obtain that Z
satisfies A T Jr.B such that r is functional.

AC 3r~.Bsuch that TC (< 17r7) €T (r~ is functional). Similar to the previous
case using CRT.
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e 3nAC B. Let v € A? such that v € (3r.A)%. Note that v € AT C A% for some 1,
1 <7 < n. We distinguish two cases.

x v € (Ir.A)7i. Then there is a v’ € A7 such that (v,v) € r7" Cr%i and o' € AT C
AZ%i. Thus, v € (3r.A)%i. Since Z; is a model of 7, v € B%i. By definition of J; and
7, we have v € BYi C B? as B is a concept name and v ¢ Qp,.

x v ¢ (Ir.A)7i. Then there is no v' € A% such that (v,v') € r7i and v/ € A7
Since such a v/ € A such that v/ € X and v € A? must exist, by definition of
rl v = €q; = aiI and v = a]Z for some individual name aj, 1 < j < n, such that
r(ai, a;) € Aout. Note that afj = ¢q; and €,; € AJi C ATi. Because 7; is obtained
from Lemma 4.6, it holds that A € S;, i.e., A(aj) € Aoy Thus, precondition of
CR1 is fulfilled. But after termination, CR1 is no longer applicable. This means
B(a;) € Aoyt holds. Since we have 7 is a model of Ay, we conclude aZ»I e BT ie.,
v e BT

In both cases, we have v € (3r.A)? implies v € BZ. Hence, T satisfies GCIs of the
form Jr.A € B. Observe that this is regardless whether r is functional or not.

e Ir—.A C B. Similar to the previous case using CR2.

As every form of GClIs is satisfied by Z, we conclude that Z is indeed a model of 7 and
a countermodel of (7, Ay,) = Ag(d). o

The last proposition finishes our analysis of the data complexity of instance checking
for ££Z7. Finally, we sum up everything in the following theorem.

Theorem 4.14
Data complezity of instance checking for ELTT w.r.t. general TBozes is polynomial. o

61



Chapter 5
Conclusion

The subject of this work was to map out the data complexity of the instance checking
problem for extensions of £L£. Instance checking is the simplest form of query answering
over £L knowledge bases. It is the problem of deciding whether all axioms in the input
TBox and all assertions in the input ABox logically imply that the input individual
belongs to the input concept. In the literature, the complexity of this problem is usually
measured in the size of the whole input which consists of a TBox, an ABox, a query
concept and an individual name, hence named combined complexity. However, we have
argued in Chapter 2 that there is another relevant complexity measure, namely data
complexity, which is measured only in the size of the input ABox. Data complexity is
relevant because in many applications, the size of data, i.e., the number of assertions in
the input ABox is much larger than the size of size of terminologies involved.

Baader et al. [2005a] have shown that adding several common description logic con-
structors to £L yields to several extensions of ££ for which the subsumption problem
w.r.t. general TBoxes is EXPTIME-complete. In Chapter 3, we have identified among
these extensions of £L, the ones for which data complexity of instance checking w.r.t.
general TBoxes is coNP-hard (and even coNP-complete). These include extensions of €L
with negation, disjunction, value restriction, number restriction and some role construc-
tors including role complement, role union and transitive closures, and for most of them,
coNP-hardness were obtained even without the presence of TBoxes. In order to derive
the coNP-hardness results, we adapted the technique described by Schaerf [1993| using
a polynomial reduction from a variant of SAT, called 2+2-SAT, which was employed to
show the coNP-hardness regarding data complexity of instance checking in the DL ALE.
Whereas, for the coNP upper bound, we refer to [Hustadt et al., 2005] which established
coNP-completeness regarding data complexity of instance checking for DLs which pro-
vide at least the constructors from the DL ALC and at most the constructors from the
DL SHZO.

In Chapter 4, we have identified one extension of £L for which data complexity of in-
stance checking is polynomial. This language, named E£Z7, is obtained by adding inverse
roles and functionality to ££. This result is notable, since Baader et al. [2005a,b] have
shown that by merely adding one of these constructors yields to EXPTIME-completeness
of subsumption w.r.t. general TBoxes. The tractability result was proved by providing
an algorithm that decides instance checking w.r.t. general TBoxes and runs in time
polynomial in the size of input ABox.

We summarize all results about data complexity derived in this thesis in Table 5.1.
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Extensions of £L Data complexity of inst. checking with simple ABoxes
without TBoxes w.r.t. acyclic w.r.t. general
TBoxes TBoxes
ELO) gL coNP-complete coNP-complete coNP-complete
ELU in P coNP-complete coNP-complete
eLvrt ey coNP-complete coNP-complete coNP-complete
ELSF1ZR: coNP-complete coNP-complete coNP-complete
eLsk coNP-complete coNP-complete coNP-complete
ELF |k >2 coNP-complete coNP-complete coNP-complete
EL>2 in P coNP-complete coNP-complete
Eﬁzk, k>3 in P in coNP, hardness coNP-complete
still open
ect coNP-hard coNP-hard coNP-hard
gL, ecr inP coNP-hard coNP-hard
Lz’ in P in P in P

Table 5.1: Data complexity of instance checking for various extensions of ££

In the table, k, k; and ko are fixed nonnegative integers. Note that ££Z and E£Y are
sublanguages of ££Z/, and thus share the tractability result of ££Z/. Missing results
in the table are the coNP-hardness regarding data complexity of instance checking w.r.t.
acyclic TBoxes for the DL ££2F, k > 3, as well as some coNP upper bound results of
data complexity of instance checking for £, ££Y, and EL*.

From the table, we would like to point out some interesting findings in this thesis.
First, the tractability boundary between combined complexity and data complexity ap-
parently does not coincide due to the data complexity result for ££Z7 for which combined
complexity is intractable. Second, a slight syntactic difference between local and global
(1)-functionality has turned out to yield a computational “cliff” in terms of data complex-
ity. And finally, our findings showed that in most cases, there is no difference between
adding either general TBoxes or acyclic TBoxes. The difference, if it does exist, turned
out to be between with and without TBox. This can be seen on results for ELU, EL72,
ELY, and EL*. A possible exception is for E£2F, k > 3, in which data complexity of
instance checking w.r.t. acyclic TBoxes is not completely characterized.

There are some directions for future work that can be considered. One possible future
work is to investigate the aforementioned missing results and fill up Table 5.1 to make a

more complete general picture. Another possible future work could be extending E£Z7
with other constructors from the DL L1 [Baader et al., 2005a,b]. Since EL£1T is
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known to be tractable even for combined complexity, it is natural to conjencture that
by adding inverse roles and functionality, tractability regarding the data complexity can
still be retained. In addition, one could also generalize the reasoning problem of instance
checking into more complex form of conjunctive query answering. In this direction, it
would be interesting to investigate whether tractability of instance checking regarding
data complexity can also be retained. Finally, since the algorithm which was described
in Chapter 4 was basically provided as a means to prove that instance checking w.r.t.
general TBoxes for £LZ is tractable regarding data complexity, as a future work, one
could also think of a real optimized implementation of the algorithm that behaves well
in practice.
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