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Abstract

Ontology-based data access (OBDA) augments classical query answering in databases
by including domain knowledge provided by an ontology. An ontology captures the
terminology of an application domain and describes domain knowledge in a machine-
processable way. Formal ontology languages additionally provide semantics to these
specifications. Systems for OBDA thus may apply logical reasoning to answer queries;
they use the ontological knowledge to infer new information, which is only implicitly
given in the data. Moreover, they usually employ the open-world assumption, which
means that knowledge not stated explicitly in the data or inferred is neither assumed to
be true nor false. Classical OBDA regards the knowledge however only w.r.t. a single
moment, which means that information about time is not used for reasoning and hence
lost; in particular, the queries generally cannot express temporal aspects.

We investigate temporal query languages that allow to access temporal data through
classical ontologies. In particular, we study the computational complexity of temporal
query answering regarding ontologies written in lightweight description logics, which
are known to allow for efficient reasoning in the atemporal setting and are successfully
applied in practice. Furthermore, we present a so-called rewritability result for ontology-
based temporal query answering, which suggests ways for implementation. Our results
may thus guide the choice of a query language for temporal OBDA in data-intensive
applications that require fast processing, such as context recognition.
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1 Introduction

Ontologies play an important role as a semantic layer for data access in various areas
such as the Semantic Web [BHLO1], medicine [Rec+94; SCC97], and enterprise appli-
cations [Bus03; Ara+08; Kha+15]. They capture the terminology of an application
domain and describe domain knowledge in a machine-processable way. Formal ontology
languages additionally provide semantics to these specifications. In contrast to stan-
dard database systems, systems for ontology-based data access (OBDA) thus may apply
logical Teasoning to answer queries; they use the ontological knowledge to infer new
information, which is only implicitly given in the data. Moreover, they usually employ
the open-world assumption, which means that knowledge not stated explicitly in the
data or inferred is neither assumed to be true nor false. This faithfully models the real
world and also differs from database query answering, which assumes knowledge not
present in the data to be false.

All these features make ontologies valuable tools for systems that integrate hetero-
geneous data sources and need to automatically interpret the data, to support data
analysis or to fully-automatedly recognize complex contexts; also multi-agent systems
profit from the semantic interoperability. This has been generally recognized and several
standardized ontologies have recently been published, especially for domains where het-
erogeneous data sources are usual or different agents have to communicate seamlessly,
such as for sensor networks [Com+12] and robotics and automation [Ont15]. Often, the
processed data is changing and thus temporal in that it is associated to specific points
in time, and this temporal dimension is critical for analysis or for describing and rec-
ognizing real-world contexts. Sensors, for example, produce streams of data. Classical
ontology-based data access regards the knowledge however only w.r.t. a single moment,
which means that information about time is not used for reasoning and thus lost; in
particular, the queries generally cannot express temporal aspects.

This work therefore investigates temporal query languages that allow to access tempo-
ral data through classical ontologies. In particular, we study the computational complex-
ity of temporal query answering regarding ontologies written in lightweight description
logics, which are known to allow for efficient reasoning in the atemporal setting and are
successfully applied in practice [Rec4+94; SCC97; Kha+15]. Our results may thus guide
the choice of a query language for temporal OBDA in data-intensive applications that
require fast processing.

This chapter provides a rather informal introduction to the topic. In Section 1.1, we
generally describe OBDA. We then introduce description logics and temporal query an-
swering in Sections 1.2 and 1.3, respectively. In Section 1.4, we specify our contributions
and give an overview of the following chapters.
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Query
FocusesOn(z1,22) A Component(x2)

¥

Ontology
LooksAt C FocusesOn

/ I Mapping » Reasoning System

—

Data Sources ‘

Answers
xr1 = bob
r9 = windowl

Figure 1.1: Architecture of ontology-based data access. If the ontological axiom
LooksAt C FocusesOn (“every tuple in the relation LooksAt is also in the
relation Focuses0On”) is taken into account for answering the example query
over the data sources (see Figure 1.2), then a reasoning system outputs the
answers depicted.

1.1 Ontology-Based Data Access

Today, many applications need to process large amounts of heterogeneous data growing
over time—the famous “big data”. Data integration is critical for managing and ana-
lyzing such information and demands a common, well-defined vocabulary. Otherwise,
misinterpretation may lead to lacking or even wrong consequences.

Ontologies play a fundamental role in this context. In computer science, an ontology
can be described as in [Ont15, Introduction]:

“It formally specifies the key concepts, properties, relationships, and axioms
of a given domain. Unlike taxonomies, which provide only a set of vocabulary
and a single type of relationship between terms, an ontology provides a richer
set of relationships, constraints, and rules. In general, ontologies make the
relevant knowledge about a domain explicit in a computer-interpretable for-
mat, allowing software to reason over that knowledge to infer new informa-
tion.”

In summary, ontologies are formal domain models that provide semantic interoperability
and additionally allow for knowledge inference.

The general architecture of ontology-based data access is illustrated in Figure 1.1.
As it is common in data integration, the original data sources are mapped to a global
schema—here represented by the ontology—that integrates the sources and allows to
access the data using a shared vocabulary while the peculiarities of the sources stay
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Process Window

ID TYPE TIME ID PROC Process(z,y,t
p01 sys 10331 windowl p02
p02 vid 11245 window4 p02

— Component(z)
Window(x,y) — Component(x)

— Part0£(z, z)

Process(z,y,t) N Window(z,x

NN N NS NN

Observation Observation(z, foc,y, z,t) — FocusesOn(y, z)
SENEOR TYPE USER ITEM rfigi}g‘ Observation(z, eye, y, z,t) — LooksAt(y, 2)
S eye  bob windowl el s . "
3 eye ann  books 15798 Process(z,vid,t) — VideoPlayer(x)

Figure 1.2: Data sources and mapping for the example in Figure 1.1; the variables in
the mapping are universally quantified.

transparent [Len02]; for example, observations of different types of sensors monitoring
eye movement (eye) or human focus (foc) may be mapped to corresponding ontological
relations such as LooksAt and FocusesOn. Example sources and the so-called global-as-
view mapping (partly) are depicted in more detail in Figure 1.2. The two first mappings
map both relations Process and Window to the ontological concept Component and
hence show how distinct sources can be integrated easily. Note that the mappings can
be considered as ontological statements as well. Yet, an ontology may also contain
constraints to detect possible inconsistencies in the data and inference rules to derive
additional knowledge. For example, it may contain a rule as depicted in Figure 1.1 (in
description logic notation), stating that someone looking at something focuses on it; this
is useful if the system, for some reason, did not receive data from a sensor of type foc,
directly capturing the focus. Applications of ontologies for context recognition are also
described in [Dar+13; Hah+14]. If the data then is queried through a reasoning system
as depicted (i.e., instead of a traditional database system), the ontological knowledge is
taken into account by the logical reasoning applied during the answering process. This is
commonly referred to as ontology-based data access or ontology-based query answering’.
The global schema often only represents a view of the data, which means that the cor-
responding database only exists virtually and, in reality, the data is left in the original
sources (i.e., instead of materializing it according to the global schema). For answer-
ing queries over the global schema—also if a traditional database schema instead of
an ontology is regarded—, the queries then have to be reformulated in terms of the
source schemas. This is known as query rewriting and has been extensively studied for
conjunctive queries (CQs) [Len02]. A CQ is a conjunction of first-order atoms where
the variables may be existentially quantified and the remaining variables represent the
answers to the query. For example, the following CQ Contextrocus can be used to rec-
ognize a complex context, by retrieving all those components z; and users xo such that
x1 is a subcomponent of some component y; which has a part y» the user focuses on:

Jy1, y2.Component (1) A Component(y;) A Component(y2) A (1.1)
PartOf(z1,y1) A Part0f(y2,y1) A FocusesOn(za, y2). ’

In the following, we usually drop the prefix ontology-based and simply refer to “query answering”. If
an ontology is not considered, we use the notion “database query answering”.
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Regarding the sources from Figure 1.2, query rewriting then creates a disjunction of
conjunctive queries that together represent all possibilities of incorporating the mapping
information into the CQ Contextrocyus:

(Elyl, Y2,U1, .., U4,V1y...,V4.
Process(x1,u1,v1) A Process(yy, ua, v2) A Process(ya, us, v3) A
Window(z1,y1) A Window(ya, y1) A Observation(ug, foc, z2, y2, U4)> V

(391,y2,u1,u2,v1,v2- (1.2)

Window(z1,y1) A Window(ya, y1) A Process(ya, ui,v1) A

Observation(usg, foc, T2, Y, vg)) Vv

Note that the rewritten query, called rewriting, may contain CQs that will never retrieve
answers, such as the first one, where z; is considered to be both a process and a window;
in practice such CQs could be dropped for optimization.

Both aspects of ontological modeling, the formality and the possibility for logical
inferencing, are long-standing areas of research in computer science. The importance
of formal modeling was recognized early and there are well-established techniques for
all kinds of use cases, such as entity-relationship modeling [Che76] for representing
database schemas and UML [OMG15] for hard and software artifacts. The search for
logics that provide sufficient expressive power and, at the same time, allow for efficient
inferencing—alike human reasoning—is performed in the field of artificial intelligence.
The usually required efficiency makes the design of such logics challenging and is the
reason for the restricted expressiveness of many formalisms. For that reason, the logics
are often tailored to certain use cases, and ever new use cases make it an ongoing
research.

Also in the area of databases, ontological axioms have been considered since the
early 1970s; for instance, global-as-view mappings and key constraints, which specify
columns in a relation that uniquely identify a tuple (see [AHV95] for a general overview
of database constraints). Many are standard in database management systems today.
However, observe that they primarily target technical issues, such as data coherence
and integration, rather than an extensive description of domain knowledge.

Particularly user-friendly approaches of ontological knowledge representation emerged
with semantic networks [Qui67] and frames [Min74], which allow for modeling in pat-
terns so as humans are thinking; for example, both discern concepts and relations be-
tween them, such as is-a and property relations. Reasoning could thus be described in
a declarative fashion. Yet, because of a lack of formal semantics, the actual “reasoning”
in systems was based on ad-hoc procedures. This deficiency lead to the development
of description logics in the mid-1980s, which follow a similar modeling paradigm but
provide formal semantics (see [Baa+07] for a more detailed description of this devel-
opment). Since then, description logics have been studied extensively, and they also
represent the logical background of the most prominent ontology language today, the
Web Ontology Language OWL, a W3C standard [DS04].
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1.2 Lightweight Description Logics as Ontology Languages

Description logics (DLs) are a family of logical formalisms that were originally designed
for terminological modeling and decidable reasoning, while featuring both sufficient ex-
pressivity and readability [Baa+07]. Over time, several further use cases have come
to the fore and new DLs tailored to those have been developed. Today, the family
comprises lightweight DLs, such as ££ [BKM99] and many DL-Lite logics [Cal+07b;
Art+09], which allow for tractable reasoning (i.e., reasoning in polynomial time); the
prototypical DL ALC [SS91], which is minimal propositionally complete?; and very ex-
pressive DLs such as SROZQ [HKS06], which represents the basis of OWL 23. Note
that DL-Lite was originally proposed as a particular DL [Cal+04]; the term today
however usually refers to a family of DLs comprising logics that have been developed
subsequently and provide similar basic features.

Description logics generally lie in the two-variable fragment of first-order logic with
counting,* but have a special, yet intuitive, syntax. A description logic allows to model
individual elements, which represent concrete objects, such as bob and windowl; con-
cepts, representing classes of individuals, such as User and Component; and roles, rep-
resenting (binary) relations between individuals, such as FocusesOn. These semantic
entities are syntactically described in axioms using individual names, concept names,
and role names—which, respectively, correspond to constants, unary, and binary pred-
icates in first-order logic.? Moreover, complex concept expressions can be constructed
using the Boolean operators complement (), intersection (M), and union (U); and role
restrictions. For instance, the expression dJFocusesOn.Component describes the class of
all elements that focus on some component. Operators for constructing role expressions
are not so common. Nevertheless, the inverse role operator (-~) represents a character-
istic feature of DL-Lite. For example, applications for which there exists some element
that focuses on them can be captured as follows:

Applicationll JFocusesOn™ . T

where the concept T describes the class of all elements. The different DLs are charac-
terized by the syntactic means they provide: the operators for specifying concepts and
roles, and the kinds of axioms they allow for.

DL theories are called knowledge bases (KBs) and separate the axioms into an ontol-
ogy and an ABox. While the ontology contains general domain knowledge, the ABox
contains data about concrete objects and thus represents a description of (an extract
of) the real world. Observe that the ABox can be seen as an instantiation of the global
schema described in the previous section (see Figure 1.1). That is, the DL abstracts
from the implementation aspect where the data is actually stored and does not consider
the sources to be different from the global view. DL axioms are expressions of two kinds:

2 A propositional logic is complete if every Boolean function can be expressed in a term using proposi-
tions that represent the arguments of the function.

3The “2” reflects the update of OWL [OWL12].

4There are a few exceptions, but these are rarely used today, such as DLs that allow for specifying
transitive closures.

5The terms “concept” and “role” are generally used for both the syntactic entities, as abbreviations
for “concept expression” and “role expression”, and for the semantic entities.
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o Assertions, such as User(bob) (“Bob is a user”) and LooksAt(bob, windowl) (“Bob
looks at an element named window1”), occur in ABoxes and describe facts about
concrete objects.

e Inclusions occur in ontologies and express is-a relations between concepts or roles;
for example:

VideoPlayer L Applicationl1EnergyIntensive N —SystemCritical
LooksAt C FocusesOn

In natural language: “every video player is an energy-intensive, not system-critical
application”, and “every element that looks at something focuses on it”.

Reasoning over DL knowledge bases originally often concentrated on ontologies and
certain standard reasoning problems, such as the question whether a concept inclusion
holds in any interpretation. For example, ££ has been applied in terminological reason-
ing tasks such as the latter for a long time. Only recently, the growing importance of
data in practice has lead to an increased interest in query answering. The latter usually
denotes the task of answering queries over KBs with the goal of retrieving ABox data,
and conjunctive queries currently represent one of the most important query languages
in this context; though, note that the standard reasoning problems can also be consid-
ered as queries. The DL-Lite logics have been tailored to conjunctive query answering.
This is reflected in the fact that, for many of them, conjunctive queries w.r.t. a KB can
be rewritten into first-order queries encoding both the original CQ and the ontological
knowledge in the way rewriting is described in the previous section. This turned out to
be very efficient since the first-order queries can be represented in SQL and then be eval-
uated over a standard database containing the ABox data [Cal+17]. For example, if the
inclusion LooksAt C FocusesOn is taken into account, then the CQ Contextgoeys (1.1)
is rewritten into the following disjunction of CQs:

(Elylyg.Component (1) A Component(y;) A Component(yz) A
Part0f(z1,y1) A Part0f(y2,y1) A FocusesOn(zs, y2)> Y
(Elylyg.Component (1) A Component(y;) A Component(ya) A

Part0f(z1,y1) A Part0f(y2, y1) A LooksAt(xa, yg))

If this query then, in turn, is rewritten in terms of the data sources, then the observations
from sensors of type eye are also taken into account for answering the CQ Contextyycys-
This rewriting hence extends the standard database rewriting (1.2).

In fact, in several lightweight logics, ontology-based query answering can be rewritten
into existing formalisms—but not always into first-order logic. This makes them espe-
cially interesting for applications, since mature tools for answering the rewritings often
exist already. The practical importance of the lightweight logics is also reflected by the
fact that the OWL standard has been complemented by three so-called OWL 2 pro-
files [Mot+12], which are subsets of OWL 2. Two of them, OWL 2 EL and OWL 2 QL
are based on extensions of ££ and a DL-Lite logic, respectively.
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Temporal Query ®

U

Temporal Knowledge Base

Ontology O

i
q

Sequence of Fact Bases

Figure 1.3: Our setting for ontology-based temporal query answering: a temporal query
addressing a temporal knowledge base.

1.3 Ontology-Based Temporal Query Answering

The availability and importance of temporal data and ontologies in today’s applica-
tions motivate our work on querying temporal data through classical ontologies. We
investigate temporal query languages, which allow to refer to data associated to dif-
ferent moments in time, and regard ontology-based temporal query answering as rea-
soning problem. We focus on ontological axioms in lightweight logics, which allow for
polynomial-time reasoning in the atemporal setting. Specifically, we regard the DLs £L£
and several DL-Lite fragments when studying complexity, but extend our results of the
last chapter to various other logics.

Observe that temporal extensions of lightweight DLs where temporal operators may
be applied to construct ontological concepts have turned out as being surprisingly com-
plex, even undecidable [Art+07]. Nevertheless, research on such formalisms has been
going on and identified “islands of tractability” and first-order rewritable formalisms, by
restricting the available temporal operators and their applicability [Art+15a; GJK16].
The setting we consider is “easier” since, although we consider temporal data and
queries, we do not allow the ontological axioms to contain temporal operators. In
particular, decidability of this kind of ontology-based temporal query answering follows
in most cases from results for more expressive formalisms [BGL12; BBL15b]. But it was
open if the rather high complexities would decrease with lightweight logics. We provide
results on the interaction of lightweight DLs and temporal logics and hence complement
both strands of research.

The setting we focus on is depicted in Figure 1.3. The temporal data is represented
through a sequence of logical fact bases, such as DL ABoxes, each of which contains
facts about concrete objects and is associated to a specific point in time. General
domain knowledge is described in an ontology and, in contrast to the facts, assumed
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to hold at all time points. Together, the data and ontology form a temporal knowledge
base. Note that we thus can represent a stream of data and, in line with this scenario,
consider the queries to be answered over the whole sequence viewed from the current
time point n (“now”). The temporal queries are formed by combining atemporal queries
using Boolean operators and operators of linear temporal logic (LTL), such as Op (“at
some time in the past”) and Op (“at some time in the future”). Large parts of this work
focus on temporal conjunctive queries (TCQs), where the atemporal queries are CQs.
For instance, a complex context where an energy-intensive application gets out of user
focus, which might require a reconfiguration of the system (e.g., by decreasing quality
parameters), can be encoded as a TCQ as follows, based on the CQ Contextpocys (1.1):

Application(zp) A Running(x1) A EnergyIntensive(x;) A ~SystemCritical(zi) A

O p (Contextpoeus (71, 22) A O (Contextroeus(x3, 2) A =< pContextrocus (21, 2))) -

In natural language, the query describes a situation where, at some time in the past, the
user xo focused on a component x1, which is an energy-intensive application, running
currently, and not system critical; and, at some time after that, the user has focused
on a component x3, and it is not the case that the user focus then or later was with x;
again.

Observe that names such as Running and FocusesOn are used to describe dynamic
knowledge, which may change over time. For describing knowledge that does not do so,
certain names are often considered as rigid [Art+07; BBL15b]; for example, this would
be adequate for the role name Part0f. We also consider rigid names. It may help to
find additional inferences, but usually makes reasoning more complex.

In description logics, the investigation of ontology-based query answering in a tem-
poral setting, targeting data retrieval, and focusing on decidable formalisms has started
only in the recent past. Theoretical studies on complexity and rewritability have con-
centrated on qualitative temporal logics, such as LTL [GK12; Kla13; KM14b; Art+15a;
BBL15b], and interval-based temporal logics [Art+14a; Art+15b]. Also our work has
helped to advance the understanding of interactions between temporal queries and DL
ontologies [BLT15; BT15b; BT15a]. This foundational work has recently lead to the
consideration of metric temporal description logics in [GJO16; Baa+17], where the op-
erators of LTL have been annotated with quantitative intervals, such as <>E2’5} (“at some
time within the next 5 time points”). This is an important feature to describe systems
with discrete state changes, and hence data streams.%

The practical relevance of ontology-based query answering over temporal data has,
in parallel, lead to significant implementation efforts. In the field of stream reason-
ing [CCG10; Ani+12; Kha+16; CMC16; Cal+17], the systems usually process a contin-
uous stream of time-stamped RDF triples [CWL14] as ((bob, LooksAt, windowl), 11245),
for example, and often rely on DLs as ontology language (see [DDM16] for an introduc-
tion to the area and descriptions of further approaches). Although they offer expres-
sive temporal query languages to extract finite sets of triples from the streams (e.g.,
languages with metric and aggregation operators), most systems then apply classical,
atemporal techniques for reasoning and querying. Yet, especially recent approaches

5A detailed study of related work on temporal query answering in DLs is given at the end of Chapter 3,
in Section 3.4.
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also include the temporal dimension into reasoning [Ani+12; Kha+16]. The fact that,
however, the “systems are heterogeneous in terms of syntaz, capabilities and evaluation
semantics” [Del+15, p. 353] has lead to a currently ongoing development of a unifying
syntax and semantics [Bec+15; Del+15; Del+16].

Note that temporal extensions have also been proposed for the Semantic Web stan-
dards RDF, OWL, and SPARQL [Thel3] (e.g., in [GHV07; Mot12]) and there are
several other areas where temporal query answering has been investigated regarding
various kinds of ontologies. In database theory, temporal extensions of Datalog queries
have been considered for a long time as so-called temporal deductive databases [BCW93]
(see [AHV95] or Example 8.5 for a description of Datalog); the topic also has been taken
up recently with a focus on rewritability [Kon+16]. Further, rule-based formalisms with
temporal features have been studied regarding event processing [PK09]. However, many
of these works allow the data to be augmented with temporal information of arbitrary
kind and granularity, which yields a scenario only coarsely related to our setting. Fur-
thermore, they do not focus on ontology-based data access through classical ontologies,
but concentrate on the design of proprietary ontology languages which include temporal
features.

Temporal query answering over standard databases represents another area of related
work [CTO05]. Next to query languages, data management and implementation aspects
are in focus of the research there. Similar to our setting, where a finite sequence of
fact bases models the data of the past and present, abstract temporal databases are
represented as sequences of database instances over a given database schema. However,
although there are some works that apply the open-world assumption, the closed-world
assumption, considering the temporal databases to hold complete information about
truth, is the quasi standard there [CTO05]. Nevertheless, we can rely on results from
that area when we consider algorithms and implementations of ontology-based tempo-
ral query answering (see Section 8.4). Note that, while there had been a gap between
the theory and practice of temporal database systems for a long time [CT05], the im-
portance of the temporal dimension is generally recognized today, and the possibility to
associate data with temporal information has recently been incorporated into the SQL
standard [KM12].

1.4 Contributions and QOutline of the Thesis

The relevance and benefits of ontology-based data access have generally been recognized
and are reflected in the increasing number of implementations. Due to the amounts
of data to be processed and the efficiency requirements of applications, many of the
systems focus on ontologies in lightweight logics today. While some of them—to a
certain extent—even deal with temporal data already, research on the theoretical side is
lacking behind. Temporal query languages that allow to access temporal data through
classical ontologies in lightweight description logics have rarely been investigated yet.
The aim of this work is therefore to systematically analyze the interaction between
LTL and lightweight description logic axioms to obtain (worst-case) complexity results
for temporal query answering. To this end, we investigate the complexity of the corre-
sponding decision problems, satisfiability and entailment. Furthermore, we want to de-
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velop temporal query languages for which ontology-based query answering is rewritable
into existing formalisms. The concrete research questions we focus on can be grouped
into three areas:

LTL over lightweight description logic axioms What is the complexity of reasoning
regarding temporal queries combining lightweight DL axioms via LTL operators?
If necessary, can we find constraints for obtaining good results (i.e., matching
those for LTL)? (Chapter 4) [BT15c; BT15b]

Entailment of temporal conjunctive queries What is the complexity of temporal con-
junctive query entailment regarding ontologies in ££, Horn fragments of DL-Lite,
and more expressive DL-Lite logics? Are there logics for which we get tractable
or rewritability results? (Chapters 5, 6, and 7) [BT15¢c; BT15b; BT15a]

Rewritability of temporal query answering How can we combine LTL operators with
conjunctive queries to obtain rewritability results for temporal conjunctive query
answering in lightweight DLs? Is it possible to extend the results to other temporal
queries and logics? (Chapter 8) [BLT13a; BLT13b; BLT15; THO15]

Figures 4.1 and 9.1 present an overview of our complexity results. Our contributions
are detailed in Section 3.3, and a comparative summary is given in Chapter 9. In
particular, we defer the comparison of the results from the different chapters on temporal
conjunctive query entailment to this chapter. Most of the results were obtained together
with Stefan Borgwardt, and the results presented in Chapter 8 are joint work with
Marcel Lippmann.

We close the introduction with some general guidelines for reading. We assume the
reader to be familiar with first-order logic (FOL); in [Fit96], it is treated in detail. Basic
knowledge in complexity theory is similarly presupposed. In particular, we consider
finite state machines, Turing machines, and corresponding complexity classes without
further explanation. Good introductions to the area also covering these topics are
provided by [Pap94], the standard reference, and [AB09], a book containing also recent
results.

Chapter 2 covers basic definitions and results regarding DLs, LTL, and computational
complexity which we apply subsequently. These might be skipped by readers familiar
with the topic. Chapter 3 contains a more specific introduction to temporal query
answering. In particular, it introduces the query languages and problems investigated
in Chapters 4 to 6, describes the technical challenges we solve, outlines some of our
solutions, and gives an overview of related work. Apart from the dependencies on
these preliminaries, the subsequent technical chapters, Chapters 4 to 8, are mostly self-
contained. However, note that the methods applied in Chapters 4 to 7 are sometimes
similar and, in the presented order, increase in intricacy. Chapter 9 summarizes the
results, contains concluding remarks, and suggests directions of future work.

10



2 Basic Definitions

In this chapter, we provide basic definitions that are relevant throughout the work.
The description logics we focus on and DL reasoning in the classical—in the sense of
atemporal—setting are described in Section 2.1. In Section 2.2, we introduce linear
temporal logic, the temporal component of the temporal queries we consider. In the
last section, Section 2.3, we recapitulate basics of complexity theory.

2.1 Description Logics

The most important basics on description logics have already been introduced in Chap-
ter 1. In this section, we provide formal definitions regarding the DL £L£ and several
members of the DL-Lite family. In the following, we use the term DL-Lite for those mem-
bers of the family this work focuses on; that is, the fragments DL-Litecore, DL-Literom,
DL-Litelt, . DL-Lite]! ;, and all variants in between, which are specified in this section.
General syntax, semantics, and reasoning tasks are described first. Subsequently, we
introduce reasoning with conjunctive queries. Then, we focus on the so-called Horn DLs
among the DLs we consider, to review and prove certain properties they satisfy.

For a more detailed introduction to DLs, the interested reader is referred to the
Description Logic Handbook [Baa+07], which covers the basics and includes advanced
aspects of DL research.

2.1.1 Syntax, Semantics, and Standard Reasoning

As described in Chapter 1, description logics focus on concepts, which are interpreted as
sets; roles, which are interpreted as binary relations; and individual names, which are
interpreted as constants. Accordingly, DL signatures ¥ = (Nj, N¢, Ng) are based on three
kinds of non-logical symbols representing constants (i.e., zero-ary function symbols),
unary, and binary predicates, respectively: individual names Ny, concept names N¢, and
role names Ng, all of which are non-empty, pairwise disjoint sets. The various DLs then
differ in the allowed logical symbols and in the way the axioms of the theories are built.

In the following, we introduce the syntax of the axioms in the description logic ££ and
several members of the DL-Lite family and, based on the axioms, specify the notion of a
DL theory, the knowledge base. In the remainder of the section, we cover the semantics
and standard reasoning tasks.

Definition 2.1 (Syntax of Axioms in £L£) Let ¥ = (N;,N¢, Ng) be a DL signature.
In L, the sets of roles over 3 and concepts over Y. are defined, respectively, by the
following grammars:

R:=P C:=T|A|3RD|DNE

11



2 Basic Definitions

where A € N¢, P € Ng, and D and E are concepts, in their turn; a concept of the form
A, T,3R.T, or JR.A is a basic concept.

In what follows, let A1, A2, A3 € NcU{T}, R € NR, B be a basic concept, and C and D
be concepts. EL azioms are the following kinds of expressions: concept inclusions (CIs)
of the form C' T D, and assertions of the form C(a) and R(a,b), where a,b € N;. A CI
is in normal form if it has one of the following forms:

A1MA, C Az, Ay CT3dR. Ay, BLC A;. &

We sometimes use the abbreviation dR; ... Ry.C for the concept dR;....dR,.C. Note
that concept inclusions in ££ or more expressive DLs are also called general concept
inclusions (GCI), which expresses the fact that the inclusion may contain arbitrary
concept expressions on the left-hand side—historically, first so-called primitive concept
definitions with only concept names on the left-hand side were considered [Baa+07].

The logics of the DL-Lite family all extend the base formalism DL-Litecyre, in which
CIs with complex concept expressions on the left-hand side cannot be expressed. In this
work, we focus on several of the logics presented in [Art409], which differ in the kind
of concept inclusions, the Boolean operators allowed in the concept expressions, and if
role inclusion axioms (also role hierarchies) are allowed. Similar to concept inclusion
axioms, the latter are of the form S © R and express that the role S is more specific
than the role R. DL-Lite fragments that allow for such inclusions are labeled with the
superscript H.

Definition 2.2 (Syntax of Axioms in DL-Lite) Let ¥ = (N;,N¢c,Ngr) be a DL
signature. In DL-Lite, the sets of roles over ¥ and basic concepts (also concepts) over
¥ are defined, respectively, by the following grammars:!

R:=P| P B:=A|3RT

where A € N¢, P € Ng, and -~ denotes the inverse role operator. N denotes the set of
roles.
DL-Lite axioms are the following kinds of expressions: concept inclusions (CIs) of the
form
Bin---MBy E By U---UBpgn (*)

where By, ..., By, are concepts;? role inclusions (RIs) of the form S T R, where
R,S € Ng; and assertions of the form B(a) and P(a,b), where B is a basic concept,
P € Ngr, and a,b € N;.

For ¢ € {core, horn, krom, bool}, we denote by DL-Lite. the logic that does not allow
for role inclusions and restricts concept inclusions of the form (k) as follows:

e m,n are arbitrary if ¢ = bool,
e m+n <2if c = krom,

e n <1if c= horn,

Tn the literature, a role is sometimes an expression that may be prefixed by negation [Cal4-07b].
2Both sides of CIs may be empty.

12



2.1 Description Logics

e m+n<2andn<1if c= core.

If role inclusions are allowed in addition, this is indicated by the superscript H , and we
obtain the four DLs denoted by DL-Litelt. &

In DL-Lite, the abbreviation 3R is usually used to abbreviate concepts of the form 3R. T,
where R is a role. As usual, we generally denote the empty conjunction (M) by T and the
empty disjunction (L) by L. We may further use the abbreviations By M---MB,, C -B
for BiM---MB,,MBC L, []B for the conjunction By M---M B, if B={Bi,...,Bn},
P~(a,b) :== P(b,a), and (P~)~ := P for P € Ng and a,b € N;.

In some constructions (in Chapters 4 and 6), we also consider negated assertions of
the form —«, where « is an assertion; if this is the case, it is mentioned explicitly.

Definition 2.3 (Syntax of Knowledge Bases) Let DL be a description logic. An
ontology written in DL is a finite set of concept and (if allowed in DL) role inclusions, and
an ABoz is a finite set of assertions of concept and role names. Together, an ontology O
and an ABox A form a knowledge base (KB) K := O U A, written £ = (O, A). O

We sometimes also refer to the ABox as fact base or simply as the data.® In this work,
we assume every knowledge base to be such that all concept and role names occurring in
the ABox also occur in the ontology. Given the (standard) semantics introduced below,
it can readily be checked that this assumption is without loss of generality

For a given KB K := OUA, we denote by Nj(K) and N(.A) the set of individual names
that occur in K and A, respectively (i.e., in ££ and DL-Lite, we have Nj(K) = Nj(.A));
by Nc(O) and Ngr(O) the sets of, respectively, concept names and role names occurring
in KC; by Ng (O) the set of roles occurring in K if it is in DL-Lite; and by S(O) the set
of all concepts that occur in 0. Note that the latter set includes all sub-concepts of
complex concept expressions. A concept over O is a concept constructed (only) from
the concept and role names occurring in O; observe that it does not necessarily have
to be contained in S(O). Moreover, B(O) denotes the set of all basic concepts that can
be built from Nc(O), T, and the roles occurring in O, and B~ (O) denotes the set B(O)
extended by negation, meaning B™(O) := {B,-B | B € B(O)}. Note that, regarding
DL-Lite, S(O) and B(O) nearly coincide; yet, B(O) always contains T and the concept
3P~ for all P € Nr(0O).

The semantics of DLs is commonly specified in a model-theoretic way, based on inter-
pretations. General logical notions like consistency and entailment can hence be defined
as usual.

Definition 2.4 (Semantics) An interpretation T = (AT, -T) for a description logic
signature ¥ = (Nj,Nc, NR) consists of a non-empty set AZ, the domain of Z, and an
interpretation function T, which assigns to every A € Nc a set AT C AT, to every
P € NRr a binary relation PZ C AT x AT, and to every a € N an element a? € A’
such that, for all a,b € N; with a # b, we have a’ # b* (unique name assumption
(UNA)). This function is extended to all roles and concepts as described in the first
part of Figure 2.1.

3In correspondence with the notion of ABox, ontologies are often separated into TBozes and RBozes,
containing the concept and role inclusions, respectively.
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Name Syntax | Semantics

inverse role R~ {(y,z) € AT x AT | (z,y) € R}
top concept T AT

bottom concept | L 1]

negation -C AT\ CT

conjunction cnbD | ctTnD?

disjunction cubD | ctuD?

exist. restriction | AR.C | {x € AT | Iy € C%,(z,y) € R}
concept inclusion | C C D | T C DT

role inclusion RCS | RTc st
concept assertion | B(a) at € BT
role assertion R(a,b) | (aT,b%) € RT

Figure 2.1: Semantics of role expressions, concept expressions, and axioms for an inter-
pretation Z = (AZ,.T).

An interpretation Z satisfies (or is a model of) an axiom «, written Z = «, if the
corresponding condition given in Figure 2.1 is satisfied. Z satisfies (or is a model of) a
knowledge base K , written Z |= K, if it satisfies all axioms contained in it.

A knowledge base K is consistent (or satisfiable) if it has a model, and it is inconsistent
(or unsatisfiable) otherwise. K entails an axiom «, written K = «, if all models of K
also satisfy «. This terminology and notation is extended to (single) axioms, ontologies,
and ABoxes by regarding each as a (singleton) knowledge base. &

We denote the fact that an interpretation Z does not satisfy a KB K by Z = K and,
similarly, non-entailment by K [~ . In accordance with Figure 2.1, the negated asser-
tions of the form —B(a) and —R(a,b), which we sometimes consider, are satisfied in an
interpretation Z = (AT, ) if, respectively, a® ¢ B? and (a®,b) ¢ RT hold.

Regarding two domain elements d and e and an interpretation Z such that (d,e) € RZ,
d is an R-predecessor of e, and e an R-successor of d. Note that the terms “individual
elements”, “domain elements”, “elements”, and “individuals” are used interchangeably
for the elements of an interpretation domain. If the terms are prefixed by “named”, then
we refer to those elements of the domain that are used to interpret individual names.*
In what follows, the signature of an interpretation is generally not mentioned explicitly
if it is irrelevant or clear from the context.

In some constructions, we apply the DL ££0O |, which extends ££ by allowing | and
so-called nominals in concept expressions. L is interpreted as the empty set and can be
used in an ontology for expressing disjointness of concepts. Nominals are concepts of
the form {a}, based on some individual name a, and interpreted as singleton sets that
contain the corresponding named individual. Further, note that DL-Liter, which is the
DL closest to the OWL 2 QL profile, extends DL-Lite’} . in that it allows to express
disjointness of roles.

4In the literature, the term “individuals” sometimes only refers to those elements of the domain that
are used to interpret individual names.
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Given the semantics, observe that allowing conjunction on the right-hand side of Cls
does not increase expressivity since any CI of the form C E DT E can be split into two
CIs C E D and C' C E in a KB without affecting the semantics. For similar reasons, we
can assume all CIs to have maximally two conjuncts on the left-hand side and maximally
two disjuncts on the right-hand side.

Ontologies and knowledge bases on the whole are usually not only used for modeling
domain knowledge and querying it, but also for deriving logical consequences that are
not explicitly stated in the stored knowledge. This (typically automatic) process is
called reasoning and comprises several standard reasoning problems. Below, we list
those relevant for our work; for a larger overview, we refer to [Baa+07].

Definition 2.5 (Standard Reasoning Problems) Let I be a DL knowledge base,
and let C' and D be concepts. The standard reasoning problems in DLs include the
following:

Concept Subsumption: Does K = C T D hold?

Concept Satisfiability: Is there an interpretation Z such that Z = K and CT # ()?

Consistency Checking: Is KC consistent?

Instance Checking: Does K = C(a) hold? O

It is well-known that these reasoning tasks are reducible to each other in linear time in
any DL that allows for concept name assertions and Cls expressing disjointness, of the
form CMN D C L (e.g., a concept C' is not satisfiable w.r.t. a KB K if £ = C C L; that
Cl is equivalent to CMT C 1).

In contrast, conjunctive query answering and entailment are non-standard reasoning
problems. These problems are important for TCQ answering since TCQs are based on
conjunctive queries. We therefore introduce them next.

2.1.2 Conjunctive Queries

Conjunctive query answering is a core functionality of database systems and increasingly
studied in DLs recently. The goal is to provide ontology-based query answering on top
of databases. We in the following define conjunctive queries and the more general unions
of conjunctive queries, and introduce the reasoning problems relevant in this work.

Definition 2.6 (Syntax of Unions of Conjunctive Queries) Let ¥ = (N}, N¢, Ng)
be a DL signature, Ny be the set of variables, and Nt := N; U Ny be the set of terms.

A conjunctive query (CQ) over X is of the form ¢ = Jyi, ..., ym-1p, where yi,...,
ym € Ny and 9 is a (possibly empty) finite conjunction of atoms as follows:

e A(t) (concept atom) with A € N¢ and t € N,

e R(s,t) (role atom) with R € Ng and s,t € Nt.

The variables occurring in ¢ that are different from vy, ..., y, are free variables.
A union of conjunctive queries (UCQ) is a disjunction of CQs. The free variables of
a UCQ are the union of all free variables of its disjuncts. &
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We denote the set of individuals occurring in a UCQ ¢ by Ni(¢), the set of variables
occurring in ¢ by Ny(¢), and the set of terms occurring in ¢ by Nt(p). At(¢) denotes
the set of atoms occurring in ¢. In the context of DL-Lite, we may use an expression of
the form R™(s,t) to denote the role atom R(t,s), as with role assertions; further, note
that the definition of CQs does not allow basic concepts of the form JR(z), R € Ng,
to occur in CQs. We sometimes though regard such CQs, which is possible since such
atoms can obviously be replaced by atoms of the form R(z,y) if R € Ng and R(y,x)
otherwise, if the set of existentially quantified variables of ¢ is extended with a fresh
variable y, correspondingly. We may write A B(x) for the conjunction By (z)A---ABy(x)
it B={B,...,B}.

Since we focus on Boolean queries (i.e., queries without free variables), we define the
semantics only for those. As usual, this is done in a model-theoretic way, based on the
notion of homomorphisms [CM77].

Definition 2.7 (Semantics of Unions of Conjunctive Queries) Let Z = (AZ, %)
be an interpretation and ¢ be a Boolean CQ. A mapping 7: Nt(¢) — AT is a homo-
morphism of ¢ into Z if

e m(a) = a” for all a € Ni(yp),
o 7(t) € AT for all concept atoms A(t) in ¢, and
e (7m(s),m(t)) € RT for all role atoms R(s,t) in ¢.

7 satisfies (or is a model of) ¢, written Z |= ¢, if there is such a homomorphism. Z
satisfies (or is a model of) a UCQ v, written Z |= 1), if it satisfies one of its disjuncts.
Y is entailed by a KB K, written K |= 1), if every model of K is also a model of 9. {

Regarding UCQs, DL research primarily focuses on the following reasoning problems.

Definition 2.8 (Reasoning Problems for UCQs) For a given Boolean UCQ ¢,
UCQ 1, and KB K, there are the following reasoning problems:

e UCQ Entailment: Does K |= ¢ hold?

o UCQ Answering: Determine all assignments a (called certain answers) of the free
variables in the query to named individuals occurring in IC such that £ = a(1)).

o

Our focus on Boolean CQs (and UCQs) affects the query answering problem in that we
consider a single such assignment at most; that is, the set of all answers is {()} if L = ¢
and () otherwise.

To ease presentation, we sometimes refer to a CQ as a set, thereby meaning the set
of all of its atoms, or as a graph.

Definition 2.9 (Graph of a CQ) The graph G, of a CQ ¢ is the graph G, = (V, E)
where the set of nodes is defined as V := Nt(y), the edges are given by the role

atoms such that £ := {(s,t) | R(s,t) € ¢}, and a labeling function £, maps ev-
ery node (edge) to a set of concepts (roles) such that £,(s) = {A | A(s) € ¢}

(lo((s,1)) == {R | R(s,1) € p}).
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A CQ ¢ is connected if G, is connected. Terms s and t are connected in a CQ if it
contains role atoms Rj(s,uq), Ra(ug,us),. .., Re(ug,t), where Ry,..., Ry are roles and
Ui, ...,up € N1, and directly connected if they occur together in a role atom.

A set of CQs @1, ...,y is a partition of ¢ if the graphs G, ..., G,, represent a par-
tition of G, and, for all 7 € [1,¢] and elements x in the domain of £y, £, (z) = £y, (x).&

Note that the latter condition is necessary because the graph representation does not
capture the concept atoms.

In general, the task of checking conjunctive query entailment is rather complex. For
several description logics, the so-called Horn DLs, there are however practical algo-
rithms. These are often based on canonical interpretations.

2.1.3 Canonical Interpretations for Horn Description Logics

In this section, we focus on the Horn DLs we introduced in Section 2.1.1, ££ and
DL-Litelt,.. Tn a nutshell, Horn DLs do not allow to express disjunction on the right-
hand side of CIs (i.e., neither directly in the syntax, nor indirectly through the seman-
tics), such that the CIs can be represented as first-order Horn clauses. Reasoning in
these DLs is easier than in general since it can be done using deterministic algorithms,
which are often based on canonical interpretations. In what follows, we recall the well-
known construction of these interpretations for knowledge bases in ££ and DL-Litelt,.,
together with important properties of them and prove additional such properties.

In a nutshell, the canonical interpretation of a knowledge base K captures exactly the
information described by K. Since this is the knowledge to be satisfied in every model
of KC, the canonical interpretation can be used for checking the consistency of X and for
answering CQs w.r.t. —by checking whether the canonical interpretation is a model
of K and if it satisfies a CQ, respectively. We provide different definitions depending
on the logic to facilitate later proofs. For £L, we directly consider the knowledge
entailed from K, as it is done in [LTW09; KRHO07], for example. Regarding DL-Lite,
we explicitly construct the interpretation similar to [Cal+07b; BAC10], by applying the
standard chase procedure for obtaining models of knowledge bases [DNROS]. We use
this definition in order to be able to refer to the results of [BAC10], which hold for
the non-standard setting with negative assertions in ABoxes, which we focus on. Note
that [BAC10] extend the original definition of [Cal+07b] regarding DL-Lite’* to the
logic DL-Litelt .., and we further extend it. In particular, our canonical interpretation
contains (unnamed) prototypical R-successors with R € Ny for all elements required
to satisfy 3R, by the knowledge base. In contrast, [Cal+07b; BAC10] only consider
such prototypical successors if the knowledge base (i.e., the corresponding ABox) does
not already identify a named individual to be such a successor. Unlike us, [Cal+07b;
BAC10] neither consider arbitrary basic concept assertions, but only concept names.

The prototypical domain elements are of the form w, (u for “unnamed”), where p is
a path ¢ := aR1C4 ... RyCy over symbols occurring in the knowledge base with a being
an individual name, Ry,..., Ry being roles, and C1,...,Cy being concepts from S(O).
We assume that the knowledge base does not already contain symbols of the form of
these elements. |g| := ¢ denotes the length of a path as p. Observe that such a path also
specifies the interpretation of the symbols contained in it in that it describes the exis-
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tence of domain elements a,u,p,cys-- - Uar, ¢y .. R,c,» Which are related via Ry,. .., Ry,

respectively; and each element u,p, ¢, g, .c,, for m < £ satisfies Cy,. Furthermore, u, is

only contained in the domain of the canonical interpretation if relations as described by
0 have to be present in every model of the knowledge base. Note that DL-Lite ontologies
can only enforce unnamed elements of the form u,p +. g,T to exist, because they do
not allow for qualified existential restriction on the right-hand side of Cls. We therefore
usually write u,p, g, in that context, to simplify notation.

Definition 2.10 (Canonical Interpretation in £L£) Let £ = (O,A) be an EL
knowledge base. We first define the set

Alx = fj A
j=0
where
AY == {u,pe | a € Ni(K), C €S(0), K =3R.C(a)},
A= {ur, 04 ro0y | FUpricy € AL, O | C1 C 3Ry.Co}.

The canonical interpretation Zx for K is defined as follows, for all a € Nj(A), A € N¢,
and R € Ng:

ATE = Nj(A) U AZx
a’x
AT = {a e Ni(A) | K = A(a)} U{uype € AT | O = C T A},
R*® .= {(a,b) | R(a,b) € A} U{(a,u,pc) € Ni(A) x AZx} U

{(ugﬁugRC) € AEK X AE}C}

= a,

The finite canonical interpretation I)é is defined correspondingly, but based on elements
of the form ug for all C € S(O) instead of on different elements of the form u,q.
Analogously, these elements are collected in the set Af}é. O

For simplicity, we assume in the definition regarding DL-Lite that, if the RI S C R
is contained in an ontology O, then we also have 35 C 3R € O and 35~ E dR™ € O;
and that O contains all trivial axioms of the form B C B for B € B(O).

Definition 2.11 (Canonical Interpretation in DL-Lite]t ) Let K = (O, A) be a
DL-Litelt . knowledge base. First, for all A € N¢ and P € Ng, we define:
AY:={a | A(a) € A},
P%:={(a,b) | P(a,b) € A} U
{(a,uyp) [ 3P(a) € A} U{(ugp-,a) | 3P~ (a) € A}.
Then, iterate over all 4 > 0: for all X € N¢c U Ng define X**! := X apply one of
the following rules for all A € N¢, R, S € N, and B, By, By € B(O); and increment 4;

(d,e) € (P7)" for P € Ng denotes the fact that (e,d) € P?, and d € (3R)* denotes the
existence of an element e such that (d,e) € R
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e If BINMBy,C A€ O, A€ Nc, and e € Bi N By, then add e to A1,

e If BCL 3R € O and e € B":
— if e € Nj(A), then add (e, u,p) to R,
— if e = u,, then add (e, u,p) to R

e IfIRC A€ O, (d,e) € R, then add d to A1,
e If SC Re O and (d,e) € S% then add (d,e) to R*HL.

The set AZx collects the above introduced unnamed individuals.
The canonical interpretation Iy for K is then defined as follows, for all a € Ni(A),
A € N¢, and P € Ng:

ATe = Nj(A) U Ak, atx = a,
Afe = | ) A, Pl .= | P o
=0 =0

Note that the above assumptions about additional axioms in the ontology ensure that,
whenever there is a named element a € (3R)* for some i > 0, then a has an R-successor
of the form u,p in the canonical interpretation, and similar for the unnamed elements.

In the remainder of this section, we recall and prove results about how the canonical
interpretation may simplify reasoning. To this end, we assume K = (O, A) to be a
consistent knowledge base in £L£ or DL-Lite, depending on the context. In the latter
case, A may particularly include negated assertions.

Regarding EL, we refer to the results from [LTWO09], where the canonical interpreta-
tion is however defined slightly differently, based on the finite one. More precisely, the
possible paths over the domain elements of the latter that start at the named individ-
uals represent the domain elements of the former interpretation. It is easy to see that
this approach yields an interpretation corresponding to the one from Definition 2.10.
Regarding DL-Lite, note that the two above mentioned differences, w.r.t. basic con-
cept assertions and the additional successor individuals we consider, do not have special
effects on reasoning. This is why we below refer to the results of [BAC10] without
providing detailed proofs.

An important property of the canonical interpretation Zx, which can be checked
easily, is that it is a model of K. If K was inconsistent, then this would obviously not be
the case. The converse of this statement is however harder to show—for DL-Lite; £L
KBs cannot be inconsistent. The proof proposed by [Cal+07b; BAC10] is three-fold:

e First, it is shown that Zx is a model of all positive inclusions in O, which are Cls
whose right-hand side is not L; all other ClIs are called negative inclusions.

e For checking satisfiability of DL-Lite}t,  KBs, negative inclusions are critical: if a
negative inclusion in the ontology is violated by assertions of the ABox, then the
knowledge base is inconsistent and hence unsatisfiable. In particular, an interac-
tion of positive and negative inclusions may lead to such an inconsistency. This is
why a special closure of the negative inclusions contained in O is regarded, which
represents all negative inclusions implied by the ontology.
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The second step then consists of showing that I is consistent iff the assertions of
the ABox do not contradict this closure.

e Third and last, it is shown that the latter is the case iff Zx is a model of K.

These observations show that neither basic concept assertions nor “unnecessary” pro-
totypical successors have special effects on the outcomes of the proof in [BAC10]. We
hence can similarly state the result.

Lemma 2.12 ([BAC10, Lem. 3, Thm. 4],[LTW09, Prop. 1]) Zx = K and Z}. = K.

A result equally important for our work is about queries.

Lemma 2.13 ([BAC10, Thm. 9],[LTWO09, Prop. 4]) For every Boolean UCQ ¢,
we have K = ¢ iff Ik = ¢. O

In the following Lemmas 2.14 and 2.15, we describe the concepts satisfied by the
domain elements of the canonical model and the subset of prototypical elements, re-
spectively. Note that the following Lemma 2.14 is restricted to DL-Lite.

Lemma 2.14 Regarding Definition 2.11, all e € A%, and all B € B(O), we have
e € BIX iff O =B C B, where B is defined as follows, based on the minimal number
i for which there is a symbol X such that e € X':

B:={A€Nc(0)|ec AYU{3R| ReNz(0), (e,d) € R'}.

Proof. (<) For all C' € B, we know that e € CZ¢, by the definitions of B and Zj.
Hence, Lemma 2.12 yields the claim.

(=) Let j be the minimal index for which e € B7, which means that j > i. We show
the claim by induction on j. If j =i, then B € B, and hence O = [|B C B trivially
holds.

Regarding j > i, we assume that the claim holds for all C' € B(O) for which e € C7~ 1.
We consider the rule in Definition 2.11 that causes e to be contained in B7.

e Ifit is because of a CI[ B’ C B € O, then we have e € C7~! for all C € B'. Hence,
the induction hypothesis together with the semantics yields O E [|B C []5'.
Because of the considered CI, this leads to O =[]B C B.

For the other kinds of Cls, the proof works correspondingly.

e If it is because of the last rule, some S C R € O, and (e,d) € S771 ((d,e) € S771),
then B must be of the form B = 3R(). Further, (e,d) € S9! ((d,e) € $771) im-
plies e € (35())7=1, for which the induction hypotheses yields O =[BT 35).
By our assumption (see the part above Definition 2.11), we have 35S T 3R € O
(3§~ C 3R~ € 0) and thus get O =B C IR, O

The next lemma describes the concepts the new domain elements in AZx satisfy in
a straightforward way and hence shows that an element of the form u,pe € AZr can
indeed serve as a prototypical R-successor. Regarding DL-Lite, the lemma directly
follows from Definition 2.11 and Lemma 2.14. For £L, it is easy to prove by induction
on the structure of concepts.
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Lemma 2.15 For all u,pe € ALX and D € S(O), we have u,pe € DT iff
e OECLCD, ifKisin &L, and
e OE=3R LD, ifK is in DL-Lite}t . O

Lastly, we consider so-called simulations, which in [Baa03] are described as binary
relations between nodes of two so-called ££ description graphs that respect the labels
and edges of those graphs. Such an £L£ description graph is obtained for an interpreta-
tion Z by regarding Z as a graph such that the domain elements are the nodes, labeled
by the concept names the elements satisfy; and the (labeled) edges are given by the
roles connecting the elements in Z. We define the notion of simulation directly w.r.t.
two interpretations.

Definition 2.16 A relation o0 C ALTx A7 is a simulation (of Zby J), writteno: Z — 7,
iff the following hold for all (d,e) € o:

o d c AT implies e € A7 for all A € N¢, and

e (d,d") € R” implies that there is an element ¢/ € AY such that (d',¢’) € o and
(e,e’) € R7 for all R € Ng. &

It is easy to inductively construct a simulation of the finite canonical interpretation of
a KB K by any other model of K.

Lemma 2.17 For every model J of an EL knowledge base K, there is a simulation o
of I} by J such that (a,a”) € o for all a € N\(K). O

2.2 Propositional Linear Temporal Logic

Propositional linear temporal logic (LTL?), also known as propositional temporal logic,
extends propositional logic with modal operators to represent past and future moments
in formulas. Accordingly, the signatures are as in propositional logic, sets of proposi-
tional variables.

Definition 2.18 (Syntax of Propositional LTL) Let P = {p1,...,p¢} be a finite
propositional logic signature. The set of propositional LTL formulas over P is defined
by the following grammar:

pu=p| o1l A2 | Orer | Oppr | p1l gz | 18 @2
where p € P, and o1 and 9 are formulas, in their turn. &

Observe that LTL allows for Boolean negation and conjunction. The operators Op
and Op are called “next” and “previous”, respectively. The formula @1 U s stands for
“p1 until o7, and ¢ S o represents its dual, read “¢; since 2”. We may use O% to
denote a sequence of i Op-operators, and similar for the previous operator. We assume

5For simplicity, we often drop the prefix “propositional” and simply refer to linear temporal logic (LTL)
throughout the work.
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Operator | Definition Name

p1 Vil —(—¢p1 A 7p2) | disjunction
w1 = w2 | (1 A —pe) | implication

Ore trueld ¢ eventually (some time in the future)
Opp =Opmp always in the future

Opy true S ¢ historically (some time in the past)
Op¢y =Opp always in the past

Figure 2.2: Definitions of derived operators for propositional LTL.

true to denote an arbitrary but fixed propositional tautology (e.g., p V —p, where p is
a propositional variable) and false to denote its negation. As usual, further derived
operators can be defined as in Figure 2.2. We further use ¢; <> 2 as an abbreviation
for (p1 — p2) A (p1 < p2).

The operators O and U are called the future operators, and Op and S are the past
operators. Together, they represent the temporal operators. In accordance with that, a
propositional LTL formula is called a future formula if it contains no past operators and
a past formula if it contains no future operators. An LTL formula is called separated if
no future operators occur in the scope of past operators and vice versa. A subformula
of a separated LTL formula ¢ is a top-level future (past) formula of ¢ if it is of one of
the forms in 2.1 (2.2) and occurs in ¢ at least once in the scope of no other temporal
operator:

OF @1, (OF@1), e1U @2, = (p1 U p2)
Op @1, 7(0Op@1), 018 v2, (01 S 2)

The set of all subformulas of an LTL formula ¢ is denoted by S().5 The set Clo(F)
denotes the closure under negation of U, ¢ S(¢).

In propositional LTL, the flow of time is considered to be bounded with respect to
the past, discrete, and, as the name suggests, linear. It is represented by the sequence
of natural numbers, such that every point in time (also time point or moment) is rep-
resented by one number. An LTL interpretation then is a corresponding structure: a
sequence of propositional interpretations which, respectively, determine the propositions
that are true at the corresponding points in time.

Definition 2.19 (Semantics of Propositional LTL) Let P = {p1, ..., ps} be a finite
propositional logic signature. A propositional LTL structure for P is an infinite sequence
W = (w;)i>o of worlds w; CP.

A propositional LTL structure 20 = (w;);>0 satisfies a propositional LTL formula ¢
at (time point) 7 > 0, written 20,i = ¢, if the corresponding condition of Figure 2.3 is
satisfied. The fact that 20,7 = ¢ does not hold is denoted by 20,4 = ¢.

If 29,0 = ¢, then 20 is a model of .

A propositional LTL-formula ¢ is satisfiable if it has a model. Two propositional LTL
formulas ¢ and @9 are equivalent, written o1 = 9, if they have the same models. <

SRecall that the same notation is used to denote the set of subconcepts of a concept.
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Formula ¢ | Condition for 20,4 = ¢

p p € w;

P mvil;égpl

w1 A\ @2 W, i = 1 and W, i = ¢
Orp1 W,i+1E ¢

Opp1 i>0and 2,i—1F ¢

o1U oo there is a k > 4, such that 20,k = o2

and, for all j, i < j < k, we have 20,5 |= ¢1
018 Y2 there is a k, 0 < k <4, such that 20,k = ¢
and, for all j, k < j <, we have 20,5 = ¢

Figure 2.3: Semantics of propositional LTL formulas for an interpretation 20 = (w;)i>0
for a signature P, assuming p € P.

The empty conjunction and disjunction are interpreted as true and false, respectively.
Again, the signature is in the following generally not mentioned explicitly if it is irrele-
vant or clear from the context.

Above, the operators U and S are defined in their non-strict version. The semantics
of the strict operators U< and S< differs in that the parameters j and k in Figure 2.19
must not equal i. This means that 20,7 = @9, which implies 20,4 = ¢1 U 2, does not
imply 20,i = 1 U< p9; and similar for the since operator. However, in the presence
of the Op-operator, U and U< can be expressed in terms of each other. Specifically,
the formula iU @2 is equivalent to @9 V (p1 U< ¢2), and 1 U< o is equivalent to
©1 A Op(p1U p2); and similar for S and S<.

Further, note that the above definition of propositional LTL extends the usual defini-
tion of that logic, which only considers the temporal operators O and U [Pnu77]. For
that reason, this extended logic is often referred to as Past-LTL. An important result
for this logic, the so-called separation theorem [Gab87, Thm. 2.4], is given below.

Lemma 2.20 ([Gab87, Thm. 2.4]) Every propositional LTL formula ¢ is equivalent
to a propositional LTL formula that is separated. L]

Note that [Gab87] actually consider a slightly different temporal logic allowing only
S< and U< as temporal operators. However, it is well-known that Op and Op can
be simulated in this setting: Opp = falseU= ¢ and Opp = false S< ¢. Moreover, the
non-strict versions of the operators can be expressed in terms of the strict ones and the
other way around while retaining separation, as shown above. Thus, Lemma 2.20 holds
also for the logic we focus on. The size of the resulting separated LTL formula then
however may be non-elementary in the size of the original formula (i.e., specifically, the
number of stacked exponents is determined by the number of alternations between past
operators and future operators) [Gab87]. But we use this result in a context where the
size of the formula is irrelevant.

We close this section on LTL by describing the procedure for deciding LTL satis-
fiability originally proposed in [SC85, Sec. 4] in Algorithm 2.1, which we extend in
Chapters 4, 5, and 6 to obtain our results. In particular, [SC85] propose a nonde-
terministic algorithm which runs in an amount of space polynomially bounded by the
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Algorithm 2.1: Procedure for Deciding LTL Satisfiability

Input: LTL formula ¢

Output: true if ¢ is satisfiable, otherwise false
1:=0

s := Guess a number < 2l and > 0

p := Guess a number < 4/¢l

Frezt =0, Fs: =0, Fry :=10

Fpres := Guess a subset of Clo({¢})

if mot CONSISTENT(Fpcs) or not INITIAL(Fpyes) OF @ & Fpres then
L return false

W N =

'y

9]

N o

8 while i < s+ p do

9 if i > 0 then Fpes := Frent
10 Frnext := Guess a set of subformulas of ¢

11 | if not CONSISTENT(F,cei) O not TCONSISTENT(Fpres, Frext) then
12 L return false

13 if 4 = s then

14 Fs = fpres
15 Fuy := All formulas of the form o U o € Fy

16 if i > s then
17 L Fu = All formulas of the form ¢1 U po € Fyy such that g2 € Fpres

18 7i::i+1

19 if 7y = () and TCONSISTENT(Fyes, Fs) then
20 L return true

21 return false
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formula ¢ considered; we consider || to denote the number of symbols occurring in .
The idea for constructing an LTL structure 20 satisfying ¢ is to iteratively guess subsets
of Clo({¢}) that represent the subformulas satisfied in 20 at each point in time. More
precisely, every such set induces a unique world containing exactly the propositional
variables that are true in the guessed set. In what follows, we describe that procedure,
given as Algorithm 2.1, in more detail. We thereby rely on the subprocedures below.

e CONSISTENT: Given a set F of LTL formulas, it checks the Boolean consistency of
the latter by returning true iff the following hold for all ¢ € Clo(F):

— =91 Nps € Fiff 1,00 € F,
— o= € Fiff p1 & F.

e INITIAL: Given a set F of LTL formulas, it checks if F can describe the formulas
satisfied at time point 0 in an LTL structure by returning true iff the following
hold for all ¢ € Clo(F):

—p=p1Spy e Fiff oo € F
— @ =0pyp1 & F.

e TCONSISTENT: Given two sets Fpres and Fpeqe of LTL formulas, it checks if they
can be satisfied in an LTL structure at consecutive time points by returning true
iff the following hold for all ¢ € Clo(F):

— ¢ = OFp1 € Fpres iff 01 € Freat,
— @ = Opp1 € Fneat iff o1 € Fpres,
— o =p1U P2 € Fpres ff 02 € Fres o (01 € Fpres and o1 U 2 € Freat),
— =18 92 € Freat ff 02 € Frext or (91 € Frexr and 1S 02 € Fpres).

The procedure is based on the fact that, if ¢ is satisfiable, then there must be a
periodic model of ¢ with a period that starts at a time point at most exponential in the
size of ¢ and is of length at most exponential in the size of ¢ [SC85, Theorem 4.7]. This
means that the algorithm can iterate over all time points until the end of the period
using a counter ¢ that can be represented in polynomial space. The start s and length p
of the period are guessed in the beginning.”This approach works specifically because
the algorithm does not store all the sets of subformulas guessed during the iteration.
Instead, it focuses on only four such sets Fpres, Fneat, Fs, and Fyy, which are updated
during processing and occupy only a polynomial amount of memory. F..s specifies 20
w.r.t. the present time point ¢, Fje;+ describes the world for the next time point, F; the
one for time point s, and Fy is used as auxiliary set. Fp,¢s is guessed in the beginning
and it is checked if this set can describe the formulas satisfied at time point 0 in an LTL
structure that is a model of . Subsequently, the counter is continuously incremented
and, until it reaches the beginning of the period s, in each step: Fjres and Fpezt are
updated, which means that a set of subformulas of ¢ is guessed for the latter; further,
the Boolean consistency of the new set, and its consistency with the set for the present
time point (according to the temporal operators) are checked. Regarding the latter,

"For simplicity, we additionally require s > 0 in Algorithm 2.1; this is clearly without loss of generality.
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note that the satisfiability test for subformulas of the form ;U ¢y may be deferred
to the next iteration step if p1 € Fpres. At the beginning of the period, the current
set Fpres is stored in F, and, until the end of the period, the algorithm continues the
iteration as before. In addition, it however has to consider the U-subformulas deferred
at time point s to make sure that they are satisfied within the period. If it has reached
the end of the period, it checks if the latter is the case and if Fs, guessed for describing
2 at the beginning of the period, can indeed fulfill that function.

Note that [SC85] do not regard the O p-operator, which is considered by us. However,
we can obviously assume that the sets of subformulas that are guessed also include
subformulas that include this operator and adapt the tests correspondingly (see the
above specifications of INITIAL and TCONSISTENT). In particular, this does not affect
the space requirements of the algorithm because the period that has to be guessed
is still exponential in the size of the considered formula. Furthermore, we present the
algorithm adapted to our setting, where satisfiability is to be decided w.r.t. time point 0.
The original algorithm checks satisfiability at a time point given as argument.

We recapitulate the correctness and space complexity of the procedure.

Lemma 2.21 ([SC85, Thm. 4.1 and 4.7]) Algorithm 2.1 nondeterministically de-
cides the satisfiability of a given LTL formula @ by using an amount of space that is
polynomially bounded in |p|. O

2.3 Computational Complexity

Computational complexity theory studies the inherent difficulty of computational prob-
lems and classifies them accordingly. Though large parts of this work rely on results
from this field of computer science, a general introduction to it is beyond the scope
of this work; we refer the reader to [AB09] for a detailed overview. This section is
dedicated to basics that are important for this work.

In particular, we study the complexity of decision problems, which are problems that
can be answered by either “yes” or “no”, such as the question if (O, A) = ¢ holds for
an ontology O, an ABox A, and a CQ ¢. In that context, mathematical models of
computation (e.g., Turing machines (TMs)) serve as a means to quantify the amount
of resources (i.e., usually time and space, representing storage) needed to solve the
problems, in dependence of the size of the input problem. Together, the considered
kind of problem and model of computation, the resources in focus, and the specific
bounds placed on the resources characterize a complexity class.

Orthogonally to the complexity classes, we discern combined complexity and data
complezity, depending on whether the problem size is determined by all of the input or
only the data (i.e., in the example, the assertions in .A). In this context, we assume
the size of an ontology O, written |O|, to be the number of symbols that is required
to write O down in the alphabet provided by its signature together with the necessary
auxiliary symbols; the size of an ABox (query) is defined correspondingly.® For the above
example, the size of the input would then be |O|+ |A| +|¢| and |A| regarding combined

8 Although we sometimes regard CQs ¢ as sets of atoms (see Section 2.1.2), || denotes the number
of symbols that is required to write down ¢ as described throughout the thesis (i.e., instead of the
number of atoms in the CQ).
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and data complexity, respectively. Note that data complexity is of special interest if
the size of the data is considerably bigger than the rest of the input. In that case,
the complexity may drop considerably if input different from the data is disregarded.
For instance, the CQ entailment problem in DL-Lite,. depends polynomially on both
the theory and the query, but only in a logarithmic factor on the data, considering
(deterministic) TMs and computation time. Hence, if the size of both the ontology and
the query is negligible, a classification as in LOGTIME w.r.t. data complexity better
describes the dependence of the computation time on the input than a classification of
in P w.r.t. combined complexity.

We primarily consider Turing machines, which are the classical computation model
since they capture the intuitive notion of an algorithm. TMs can be further specified
as being, for example, deterministic, non-deterministic, or alternating; however, though
some more details on the latter kind are given below, we again refer to [AB09] for for-
mal definitions of the machines and the associated complexity classes. In this work, we
consider classes between LOGTIME and 2-ExXPTIME. Regarding a specific bound, the
nondeterministic version of a class—prefixed by the letter N—subsumes the determin-
istic version, the space classes subsume those associated to time, and are subsumed by
exponentially larger time classes. For example, regarding the polynomial bound, the
following inclusions hold:

P C NP C PSPACE C NPSPACE C EXPTIME.

Recall that the LTL satisfiability problem is in PSPACE [SC85, Thm. 4.1] (see Algo-
rithm 2.1). The equality PSPACE = NPSPACE was shown by Savitch [Sav70, Thm. 1]
and rather important for our PSPACE results. In most of the other cases, the exact
relationships between the classes are however still unknown. Note that the problems
contained in P are also called tractable because they are assumed to be efficiently solv-
able in practice.

Since some of the problems studied in this work are of very low data complexity, we
consider Boolean circuits, a second, but less common, computation model.” Circuits
model hardware and roughly formalize the familiar “silicon chip”. Circuit complexity
classes therefore characterize problems that can be efficiently solved on highly parallel
computers [AB09, Thm. 6.27]. In what follows, we give a rather informal overview of
this computation model. A Boolean circuit is a directed acyclic graph with n € N input
nodes (i.e., vertices with no incoming edges) and one output node (i.e., a vertex with
no outgoing edges). All vertices that are no input nodes are gates labeled by one of
AND, OR, and NOT. Size (i.e., the number of gates, representing processors) and depth
of a circuit (i.e., the length of the longest directed path from an input to the output
node) represent the space and time bounds, respectively. In this work, we regard the
class NC!, which captures all problems computable by circuits of size polynomial in n
and depth O(logn), where n represents the size of the problem. Note that the rather
prominent class ACY is defined correspondingly, except that the depth must be constant
(O(log” n)) and the gates may have unbounded fan-in (i.e., the OR and AND gates can
be applied to more than two bits).

9Turing machine classes below LOGTIME are not commonly used.
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To obtain a worst-case complexity C for a problem P, we first require it to be hard for
the complexity class (under a given type of reduction). This is the case if any problem
in C can be solved by reducing it to P, and the reduction is “significantly easier” than
solving the problem directly. Moreover, P is complete for the class (for that type of
reduction) if it is hard for that class and contained in it. For instance, [SC85, Thm. 4.1]
actually establish PSPACE-completeness of the LTL satisfiability problem. In this work,
we regard reductions in P if not stated otherwise.

For obtaining completeness results, comparisons between complexity classes for dif-
ferent kinds of computation models may thus be useful. However, unlike TMs where
one machine is in focus, circuits are non-uniform models of computation, which means
that instances of the same problem that are of different size are processed by different
circuits. For that reason, a problem is associated with a set (also family) of circuits,
each of which is dedicated to a problem instance of specific size n € N. The classes thus
may contain problems that cannot be decided algorithmically and, hence, are not con-
tained in any TM class (e.g., any problem can be decided by a circuit family where each
circuit is of size O(n % 2™), by encoding the decision for every input). For this reason, a
specific uniformity condition is often imposed on the circuit families; such a condition
restricts the class to problems whose associated circuits (i.e., a description of them) can
be computed by a particular TM, given the size of the input. We apply hardness results
for uniform circuit complexity classes to obtain hardness results for TM complexity
classes and rely on the result that LoGTIME-uniform NC! equals ALOGTIME [BIS90,
Lem. 7.2], the class of problems solvable in logarithmic time with an alternating TM.
Observe that, to obtain such a result, the reduction must be chosen according to the
uniformity of the class it is used to show hardness for (e.g., to show that a problem is
hard for LogTiME-uniform NC!, we can use a LoGTIME-uniform AC® reduction;'? in
contrast, a nonuniform ACY reduction would not fit).

The uniform version of ACY is of special importance because it also equals FO, the
class of problems that can be described in first-order logic [BIS90, Thm. 9.1]. FO is a
descriptive complexity class; such a class is characterized by the logic needed to express
the languages (i.e., the problems) in them.

First-Order Rewritability
We specify the notion of first-order (FO) rewritability in a rather general way.

Definition 2.22 (first-order rewritable) A decision problem is first-order rewritable
if there exists a first-order formula ¢ such that, for every instance P of the problem, we
can effectively construct a first-order structure Zp that is solely based on the problem
input and such that ¢ is satisfied in Zp iff the answer to P is “yes”. &

For query answering problems regarding DL-Lite, research often targets containment in
ACVY if the focus is on data complexity. That is, the FO formula then must not depend
on the data and is considered to be efficiently encodable and evaluable over it, by using

ONote that AC? is a true subset of NC! since unbounded (but polynomial in n) fan-in can be simu-
lated using a tree of ORs/ANDs of depth O(logn)[AB09, p. 118]; and the problem of deciding if a
given word is in the language PARITY := {z : = has an odd number of 1s} is not in AC® [FSS84,
Lemma 4.2, Theorem 4.3] but in NC' (see Example 6.26 in [AB09]).
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standard database management systems. This is particularly the case because the shape
of the ABoxes A containing the data allows to define FO structures DB(.A) of the form
of finite databases that, at the same time, represent minimal models of the respective
ABoxes.

Definition 2.23 (DB(.A)) For a given DL-Lite ABox A, the first-order structure
DB(A) = (Ni(A), -PB) over the individual domain N;(A) contains the following rela-
tions for all B € B(A) and R € Ng(A):!

B"® := {(a) | B(a) € A},
RPB .= {(a,b) | R(a,b) € A}. O

The semantics of the satisfaction relation |= is specified as usual:

DB(A) = B(a) iff (a) € BPB,
DB(A) = R(a,b) iff (a,b) € RPB,

Note that, if we use this structure with FO formulas encoding ontological knowledge
(i.e., the problem input in ontology-based decision problems) as described above, then
we assume that the database contains corresponding relations for all basic concepts
and role names occurring in the ontology. Furthermore, observe that every real rela-
tional database that contains only unary and binary relations can be regarded as such
a structure.

With this definition of the database we follow the approach of [Cal+05]. Instead
of basic concepts, [Cal+07b; BAC10] consider only concept names as relations. Note
that this makes no difference in our context, so that we can rely on results of [BAC10],
assuming their FO rewritings to be adapted correspondingly. In particular, we apply
the FO rewritings of KB inconsistency and UCQ answering proposed in that paper (see
esp. Theorems 5 and 6 and Lemmas 10-12 in [BAC10]).

Lemma 2.24 ([BAC10])For o KB K = (O, A) in DL-Litell = and Boolean UCQ ¢,
we have the following:

e K is inconsistent iff DB(A) E Gunsat(0)-
e (O, A) = ¢ iff DB(A) = PerfectRef(p, O). O
We conclude this section by specifying alternating TMs, which occur in both hardness
and containment proofs in this work.
Alternating Turing Machines

Alternating Turing machines extend nondeterministic Turing machines by labeling all
states as either existential or universal. The former correspond to states in nondeter-
ministic machines. If the machine is in a universal state, then all transitions that apply
have to lead to an accepting state for the current run to be successful.!?

"Note that, in later chapters, where we refer to this definition, we allow assertions of basic concepts to
occur in ABoxes.

12The notions configuration, transition, and run are defined similarly as with nondeterministic TMs;
note however that a run of an alternating TM is a tree.
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2 Basic Definitions

Definition 2.25 An alternating Turing machine (ATM) M = (Q, X, T, qo, A) is speci-
fied as follows:

e O = O3U Qy is a finite set of states partitioned into existential states Q3 and
universal states Qvy;

> is the input alphabet;

T is the set of working symbols containing a blank symbol B and all symbols from X:;

go € Q3 U Oy is the initial state;

A denotes the transition relation, for which we have

ACOxI'x QxI\{B} x{L,R,N}.

A step of M consists of reading one symbol, writing a symbol, moving the head left or
right one tape cell, and entering a new state, in accordance with the transition relation.

A configuration of M is an element of T*QI'*. A configuration o is a successor
of a configuration «, written o - o/, if o/ follows from « in one step according to the
transitions in A. The reflexive transitive closure of - is denoted by F*. A configuration «
is accepting (vs. rejecting) iff

e « is a universal configuration and all its successor configurations are accepting, or

e (v is an existential configuration and at least one of its successor configurations is
accepting;

« is a halting configuration if it has no successor configurations.

A computation of MM on a word w € ¥* is a sequence ag - aq F - - - F «, of successive
configurations starting with ag = gow, the initial configuration.

M accepts (vs. rejects) a word w € X* iff the configuration gyw is accepting. I
accepts w in time t if 9N accepts w and there is no computation with more than ¢ steps.
M accepts w in space s if MM accepts w and all configurations o reachable from gow
take at most s space; that is, |a| < s. &

Note that a configuration without successor is accepting iff it is universal. We write
A(g,0) to denote the set {(p, 0, M) | (¢,0,p,0,M) € A}.
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3 Introduction to Temporal Query Answering

In this chapter, we introduce the query languages and the problems Chapters 4 to 7
focus on in detail, outline some of our solutions, and give a general overview of related
work on temporal query answering in DLs. In particular, we focus on a generic DL DL
and (atemporal) query language QL, instantiated later in this chapter; regard temporal
QL queries (TQs) (or temporal queries, if QL is irrelevant or clear from the context);
and introduce the reasoning problems of T'Q) satisfiability and TQ entailment w.r.t. a
temporal knowledge base written in DL; note that T'Q) answering w.r.t. temporal knowl-
edge bases—not necessarily formulated in a description logic—is studied in Chapter 8.
The temporal queries are basically formulas of propositional LTL, but the propositions
are replaced by QL queries; and the semantics is suitably lifted from propositional
worlds to DL interpretations. That is, both the QL queries and the axioms from the
temporal knowledge base are interpreted in DL interpretations, and the semantics is
based on infinite sequences of such interpretations over the same non-empty domain,
called DL-LTL structures.

In Section 3.1, we specify the syntax and semantics of the queries and define the prob-
lems. A general approach for obtaining containment results for them which has been
proposed in the literature [BGL12; BBL13] is detailed thereafter in Section 3.2 since we
apply it throughout this work. In Section 3.3, we then describe why this approach does
not directly yield useful containment results for temporal query answering in lightweight
description logics and specify problems to solve, our approach, and questions we investi-
gate in the following chapters. In the remainder of the chapter, Section 3.4, we describe
related work.

3.1 Temporal Queries

In this section, we specify the temporal query answering setting described in Chapter 1.
In particular, the specification is similarly generic, we focus on temporal knowledge bases
in a description logic DL (i.e., instead of in an arbitrary logic, which is considered in
Chapter 8). In particular, we assume that a subset of the concept and role names is
designated as being rigid (vs. flexible).! As outlined in Section 1.3, the intuition is that
the interpretation of rigid names does not change over time. Specifically, the individual
names are implicitly assumed to be rigid (i.e., in a DL-LTL structure, an individual
name is interpreted by the same domain element at all time points). If a concept
(axiom) contains only rigid symbols, then we may call it a rigid concept (axiom). We
denote by Nrc C N¢ the rigid concept names, by Ngr € Ngr the rigid role names, and
assume a DL signature to be of the form ¥ = (N, N¢, Nrc, Ng, NgRr), in the following.

'In the literature, rigid and flexible symbols are also called global and local, respectively [Art407].
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Definition 3.1 (DL-LTL structure) An infinite sequence J = (Z;);>0 of interpre-
tations Z; = (A,-Z%) for a description logic signature ¥ = (N, N¢, Nrc, Ng, Ngr) is a
DL-LTL structure if it respects rigid names; that is:

X% = X7%i for all X € NyUNgc UNgg and 7,5 > 0. o

As mentioned above, the interpretations in a DL-LTL structure share one domain (con-
stant domain assumption). Further, note that we often do not explicitly mention the
signature if it is irrelevant or clear from the context.
We may also use this terminology in other settings in that we consider interpretations
T, ..., 2Ly to respect rigid names if they agree on the interpretation of all rigid symbols.
Note that we employ a semantics that is nowadays standard in the field, as remarked
in [Art+07, p. 1]:

“it is generally agreed that the semantics of combined temporal description
logics should be based on the Cartesian products of the flow of time (... ) and
the domains of the DL interpretations. (...) This semantics corresponds
to the semantics of first-order temporal logics (...). In fact, the translation
of standard DLs into first-order logic can be extended to a translation of
temporalised DLs into first-order temporal logics.”

Yet, observe that the usual approach of reducing reasoning in the setting with constant
domains to reasoning with expanding, decreasing, or varying domains as, for example,
detailed in [LWZ08, Sec. 3] does not work for lightweight DLs. In particular, the exact
relations between the settings are not clear. Note that we discuss alternative temporal
semantics w.r.t. applications at the end of Section 8.2.

Definition 3.2 (Syntax of Temporal Knowledge Bases) A temporal knowledge
base (TKB) K = (O, (A;)o<i<n) consists of an ontology O written in DL and a non-
empty, finite sequence of ABozxes of length n + 1, where the ABoxes contain only asser-
tions of concept and role names. O

As with atemporal KBs, we assume all concept and role names occurring in some ABox
of a TKB to also occur in its ontology.

We use the notation Nrc(O) for the set of all rigid concept names that occur in
an ontology O, and Br(O) and Bg(O) for the restriction of B(O) and, respectively,
B (O) to rigid concepts. Nj(K) denotes the set of all individual names occurring in the
TKB K, and B(2() and Nr(2A) designate the basic concepts and role names in the ABox
sequence 2. For simplicity, we sometimes omit the brackets around the ABox sequence.

Definition 3.3 (Semantics of Temporal Knowledge Bases) A DL-LTL structure
J = (Z;)i>0 over a domain A is a model of a TKB K = (O, (Ai)o<i<n), written J = I,
if the following hold:

e Z; =0 foralli>0,
o 7, = A, for all i € [0, n].

A TKB is consistent (or satisfiable) if it has a model, and it is inconsistent (or unsatis-
fiable) otherwise. o
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We denote the fact that J = K does not hold by J = K.
As outlined above, TQs combine QL queries via LTL operators.

Definition 3.4 (Syntax of Temporal Queries) Let ¥ = (N}, N¢, Nrc, Nr, Ngrr) be a
DL signature. The set of temporal QL queries (TQs) over X is defined by the following

gramimar:
D=0 | -P; ’ P, N Dy | Or®, | Op®P, | DU Dy | D1 S Dy

where ¢ is a QL query over X, and ®; and &5 are TQs, in their turn.
A TQ @ is a QL query literal if it is of the form (—)p with ¢ being a QL query. It is
positive if ® = ¢ and otherwise negative. &

We denote the set of individual names occurring in a TQ ® by N{(®). A TQ ® contains
a symbol X if X occurs in @, and ¢ contains a QL query ¢ if ¢ occurs in ¢ at least
once not as part of another QL query occurring in ®.

Observe that the definition of T'Qs based on QL queries is analogous to the definition
of propositional LTL formulas based on propositions (see Definition 2.18). We hence can
analogously use abbreviations true? and false and may apply derived operators corre-
sponding to those in Figure 2.2. The empty conjunction and disjunction are interpreted
as true and false, respectively.

The semantics of TQs is based on those of QL queries, which we assume to be based
on interpretations and to be defined already. More precisely, we denote the fact that an
interpretation 7 satisfies a QL query ¢ by Z = .

Definition 3.5 (Semantics of Temporal Queries) For a given DL-LTL structure
J = (Z;)i>0, an ¢ > 0, and a TQ @, the satisfaction relation J,7 = ® is defined by
induction on the structure of ®: for a QL query ¢, J,i = ¢ holds if Z; = ¢; for other
kinds of TQs, the corresponding condition of Figure 2.3 has to be satisfied. J is a model
of ® wrt.a TKB K if J =K and J,n |= ®; and J is a model of ® if it is a model of ®
w.r.t. (0,0).

A Boolean TQ @ is satisfiable (w.r.t. a TKB K) if it has a model (w.r.t. K); and
® is entailed by a TKB K, written I = @, if every model of K is also a model of ®
w.r.t. IC. &

We denote the fact that J,7 = ® and K = ® do not hold by J,i |~ ® and K [~ ®.

Observe that a model of a TQ must satisfy the query at the current time point n,
which differs from the corresponding definition for propositional LTL if n > 0. Moreover,
for reasoning, we often consider TQ)s in the context of a TKB.

Definition 3.6 (Reasoning Problems for TQs) For a given Boolean TQ ® and a
TKB K, there are the following reasoning problems:

o TQ Satisfiability: Is ¢ satisfiable w.r.t. K?
e TQ Entailment: Does K = ® hold? O

We often solve the entailment problem by reducing it to the satisfiability problem: If
—® is satisfiable, then ® is not entailed.

2For instance, true may denote a fixed TQ ¢ V -, where ¢ is an arbitrary QL query.
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According to [BBL15b], the entailment problem of a TQ ® w.r.t. a TKB (O, (A;)o<i<n)
can be solved by considering an extension of ® w.r.t. (O, )—regarding the trivial se-
quence of ABoxes.® Note that this sometimes eases analysis but is not useful if data
complexity is considered, because the data is incorporated into the query.

Lemma 3.7 ([BBL15b, Lem. 6.1]) Let QL be such that every assertion represents a
QL query. For every TKB K = (O, (A;)o<i<n) and Boolean TQ ®, there is a Boolean
TQ ¥ of size polynomial in the size of ® and K such that K = ® iff (O,0) = ®'. O

We often regard TQs ® that do not contain temporal operators; for example, UCQs
or conjunctions of CQ literals in case the QL queries are conjunctive queries. It can be
readily checked that the satisfaction of ® by a DL-LTL structure J = (Z;);>0 at time
point ¢ then only depends on the interpretation Z;, according to the definition and the
conditions in Figure 2.3. For simplicity, we then often write Z; = ® instead of J,i = ®.
In this context, it is also sufficient to consider classical knowledge bases (O, .A), which
can be regarded as TKBs with a single ABox.

Observe that TQs can be related to propositional LTL formulas in an intuitive way,
by abstracting from the QL queries and considering propositions instead. This allows
us to analyze the temporal structure of the TQ separately from the DL part.

Definition 3.8 (Propositional Abstraction) Let ® be a TQ and Pg be a finite set
of propositional variables such that there is a bijection -P* mapping the QL queries
contained in ® to elements of Py.* The propositional abstraction ®P* of ® w.r.t. -P* is
the propositional LTL formula obtained from ® by replacing every QL query ¢ in &
by ©P?.

The propositional abstraction J** of a DL-LTL structure J = (Z;);>0 w.r.t. -P* is the
propositional LTL structure 3°* = (w;);>o where, for all i > 0,

w; = {P* | ¢ is contained in ¢, Z; = ¢}. ¢

This abstraction obviously retains the semantics. That is, for a DL-LTL structure J
that is a model of a TKB K and a bijection -P* as in Definition 3.8, we have: J is a
model of a TQ ® w.r.t. IC iff JP* is a model of PP2.

In the remainder of the section, we present the two instantiations of TQs this work
focuses on: temporalized DL axioms (investigated in Chapter 4) and temporal conjunc-
tive queries (investigated in Chapters 5 to 7). Notes that, in Chapter 8, we consider
various other instantiations.

Temporalized Description Logic Axioms

As it has been done for TDL-Lite [Art+07], DL-Lite logics that allow for temporal
operators in concept expressions; ALC [BGL12]; and SHOQ [Lipl4]; we combine the
operators of LTL with DL axioms into the temporal query language DL-LTL.?> That

3The temporal query language considered in [BBL15b] is that of temporal conjunctive queries, but the
result is independent of the QL queries and hence extends to our setting.

“Note that such a set Py and bijection -P* obviously exist for every TQ ®.

5Note that the queries in the related works do not contain past operators.
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is, DL axioms are considered to be the QL queries. We specifically regard lightweight
DLs DL and investigate the satisfiability problem.

In particular, we disregard TKBs by assuming them to be empty—which means that
we always have n = 0. Observe that DL-LTL then represents a kind of temporal DL,
and TQs are also called DL-LTL formulas. Nevertheless, there are close connections to
the general setting.

Example 3.9 The question if an DL TKB (O, (A;)o<i<n) is consistent can also be
decided by asking if the following DL-LTL formula is satisfiable (see also Lemma 3.7):

or(ANO)A N\ Oo.
0<i<n,
076.741' <>

Observe that the formula in the example is of special shape because it does not contain
arbitrary combinations of Cls, but only a conjunction prefixed by Op. This is known
as DL-LTL with global CIs (vs. local Cls) and investigated separately in this work.

Lastly, note that we generally use the notion DL literals for the literals mentioned in
Definition 3.4 if QL is the language of DL axioms.

Temporal Conjunctive Queries

Temporal conjunctive queries (TCQs) are a temporal query language introduced in
[BBL13]. They represent TQs where QL is the query language of conjunctive queries.
[BBL13; BBL15b; BBL15a] investigate the TCQ entailment problem w.r.t. temporal
knowledge bases in ALC and other expressive DLs, such as SHOQ. Below, we describe
how TCQ answering can be reduced to TCQ entailment. We investigate that problem
regarding lightweight DLs.

We next introduce additional syntax, describe the relation between TCQ entailment
and TCQ answering, and provide technical assumptions we make about TCQs through-
out this thesis. For a TCQ ®, we denote the set of variables occurring in ® by Ny(P);
and the set of free variables of ®, which is the union of the free variables of all CQs
contained in ®, by Npy(®). A TCQ @ is a Boolean TCQ if Npy(®) = 0.

For determining complexity, we have to focus on a decision problem. The focus of
research therefore is usually on query entailment instead of on query answering.

Definition 3.10 (TCQ Answering)For a given TCQ @, the problem of TCQ An-
swering is defined as follows: Determine all assignments a (called certain answers) of
the free variables of ® to named individuals occurring in K such that K = a(®). &

As it is the case for UCQs, the set of certain answers to a Boolean TCQ is {()} (“true”)
if £ = @ and () (“false”) otherwise. Query answering for Boolean TCQs thus represents
the decision problem of query entailment. This is why we focus on Boolean TCQs in
Chapters 5-7. Although answering non-Boolean queries is not necessarily efficient in
practice, the problem of answering a TCQ ® w.r.t. a TKB K can easily be reduced
to TCQ entailment, by considering exponentially many entailment problems for the
INJ(KC)|INFv(®) possible certain answers that are to be considered.

The technical assumptions we make about TCQs are as follows. We assume without
loss of generality that the CQs contained in a Boolean TCQ ® use disjoint variables
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and denote by Qg the set of exactly those CQs.% We further assume that TCQs contain
only individual names that occur in the ABoxes, and only concept and role names that
occur in the ontology; this is clearly without loss of generality, especially because of the
assumption that all concept and role names occurring in a TKB occur in its ontology.
For simplicity, we assume all Boolean CQs contained in TCQs to be connected in the
following; note that this assumption thus also applies to all (U)CQs we regard since
they are also TCQs. To see that this is without loss of generality, consider a Boolean
TCQ @ containing a CQ ¢ that is not connected. In that case, ¢ can be replaced by
a conjunction @1 A --+ A @y of CQs 1,...,p, that represent a partition of . This
conjunction is of linear size in the size of ¢ and the resulting TCQ has exactly the same
models as ®. More precisely, every homomorphism of ¢ into an interpretation Z is also a
homomorphism of, respectively, ¢1,. ..,y into Z if it is restricted to the corresponding
terms. And, because of the disjointness of Nt(¢1),...,Nt(¢r), given by the definition
of a partition, every collection of homomorphisms of ¢1, ..., ¢, into an interpretation 7
can be unified to a homomorphism of ¢ into Z.

3.2 A General Approach for Solving Satisfiability

In this section, we describe a general approach for solving the satisfiability problem for
TQs which has been proposed in [BGL12; BBL15b] for DL-LTL formulas and TCQs.
We use this procedure to obtain several upper bounds. Recall that the T(Q entailment
problem, which we investigate in the context of TCQs, can be reduced to the satisfiability
problem.

In a nutshell, the given satisfiability problem is reduced to two separate satisfiability
problems—one in LTL and one in DL. In what follows, we assume ® to be a TQ, ®P?
to be its propositional abstraction, and the corresponding bijection -P* to map the QL
queries ¢1,...,p, contained in ® to propositions pi,...,p, such that p; = pP?* for
i € [1,m]; we sometimes call y; induced by p;. For a better understanding, we first
disregard the TKB.

The goal is thus to find a model of ®. For the LTL part, we therefore look for a
model 29J of ®P?*. However, the DL part can obviously not be ignored entirely since
not every model of ®P* is the propositional abstraction of a DL-LTL structure (e.g.,
the propositional abstraction of the ££-LTL formula ® = A T B A A(a) A —~B(a) is
clearly satisfiable while ® is not). We therefore collect the worlds occurring in 20 in a
(non-empty) set W C 2{p1-pm} to later be able to check the DL part. This is captured
by an LTL formula ®} as follows:

@%:z@pa/\mp(\/ (/\p/\/\ﬁp)); (3.1)

WeW \peW  pew

we use W := {p1,...,pm} \ W to denote the complement of a set W C {py1,...,pm}
Observe that the satisfiability of ® implies the satisfiability of ®J% for some W. This
allows to proceed as follows: choose a set W, test whether ®V% is satisfiable, and then

51f the variables were not disjoint, we could simply rename them. Note that this assumption also
applies to Boolean UCQs.
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check whether the model 20 can indeed be the propositional abstraction of a DL-LTL
structure.

To check the latter, we consider the conjunction /\pjeW p;j for every W € W. However,
the rigid names additionally make it necessary that these conjunctions are considered
together and that we also consider the queries ¢; for which p; € W (e.g., the proposi-
tional abstraction of ® = A(a) A Op—A(a) is satisfiable while ® is not if A € Nrc, since
every DL-LTL structure respects rigid names). To not mix up the flexible names X oc-
curring in different elements of W, we introduce copies X of them for all i € [1,|W|];
X @ i called the i-th copy of X. In xyy, we then use queries wgi) for all j € [1,m],
which are obtained from the corresponding queries ¢; by replacing every occurrence of
a flexible name by its i-th copy:

XW ::/\( /\ gog-i)/\ /\ —m,pg-i)). (3.2)

[BGL12] apply this formula for characterizing the satisfiability problem in ALC-LTL
(see the claim in the proof of Lemma 4.3), and it can be easily shown that this result
holds for TQs in general: The TQ ® is satisfiable iff there is a set W C o{P1-pm} guch
that ®V% and xyy are both satisfiable.

Regarding TCQs, [BBL15b] extend this approach to the setting with a TKB. We
describe this procedure next, and consider a TKB K = (O, (A;)o<i<n). As before, the
task is to find a model of ® and split into an LTL and a DL satisfiability problem.
For the former, we similarly consider the set W = {Wq,..., Wy} C o{prpm} and
LTL formula ®§. Yet, the two differences are now that the satisfiability is regarded
at n—in line with the satisfiability problem for TQs w.r.t. a TKB which may contain
data—and that, in addition to W, we consider a second link to the DL part: a mapping
t: [0,n] — [1,k] that maps time points to indexes from W. This mapping points out
the first n + 1 worlds, which have to be considered w.r.t. the respective ABoxes. The
notion of t-satisfiability summarizes the LTL part.

Definition 3.11 (t-satisfiable) The LTL formula ®P?* is ¢-satisfiable w.r.t. W and ¢ if
there is an LTL structure 20 = (w;);>0 such that the following hold:

e w; € Wforall i >0,
o« W o,
o w; = WL(Z) for all 7 € [O,TL]. &

Note that the first condition captures the second conjunct of (3.1).

For the DL part, we can similarly consider the satisfiability of a TQ of the form
(3.2) w.r.t. a TKB where the ontology contains copies of the Cls in O and the ABoxes
are empty, if the TQ is extended such that it encodes the ABox assertions (see also
Lemma 3.7). Observe, however, that this satisfiability test does not suit data complexity
investigations, because the size of both the TQ and the ontology then depends on the
data given. For that reason, [BBL15b] provide the following definition of r-satisfiability
(r for “rigid”) to summarize the DL part.
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Definition 3.12 (r-satisfiable) The set W is r-satisfiable w.r.t. « and K iff there are
interpretations J1, ..., J%, Zo, - - . , In as follows:

e the interpretations share the same domain and respect rigid names,

e the interpretations are models of O,

e J; is a model of x; := A\, cw, ¢j A /\ijWi —p; for all i € [1, k],

e 7; is a model of A; and x,(;) for all i € [0,7n]. O

This definition explicitly asks for a shared domain and the consideration of rigid names.
In addition, it states k + n + 1 TQ satisfiability problems: for the TQs x; w.r.t. (O, 0)
where i € [1, k], and for the TQs x,¢) w.r.t. (O, A;) where i € [0,n]. Observe that these
TQs do not contain temporal operators at all and that the TKBs are KBs as well.
The satisfiability of ® w.r.t. IC can then be decided by combining the two parts.

Lemma 3.13 ([BBL15b, Lem. 4.7]) A TQ ® has a model w.r.t. a TKB K iff there
are a set W= {Wy,..., Wy} C 2{PrPm} and a mapping v: [0,n] — [1,k] such that

o PP? 45 t-satisfiable w.r.t. W and ¢, and
o W is r-satisfiable w.r.t. v and K. O

The original proof of Lemma 3.13 in [BBL15b] considers TCQs and the DL SHQ, but
it is actually independent of both the DL and QL queries under consideration and
hence also applies in our setting. In fact, regarding the empty TKB (0, ), the lemma is
equivalent to the result from [BGL12] stated above. Specifically, the (trivial) mapping
¢: [0,0] — [1, k] can be considered to be such that ¢(0) points to the index i € [1, k] that
exists due to the t-satisfiability requirement that wg € W, such that we have wg = W;.

We lastly consider an alternative characterization of r-satisfiability. As outlined above,
the latter can be decided using a TQ similar to (3.2) and an ontology Oy ,. To this end,
we consider copies a(?) of ontology axioms a obtained from the axioms in @ by replacing
every occurrence of a flexible name by its i-th copy. In addition to the k worlds—or
time points—already discerned, the first n + 1 time points have to be distinguished.
This is basically because a set of assertions from some of the ABoxes may contradict a
QL query not induced by some world, and because a QL query induced by a world may
be contradicted by an assertion in one of the ABoxes (i.e., based on the assertion, the
ontology may imply something contrary to what is stated in the QL query). Lemma 3.14
captures this approach.

Lemma 3.14 ([BBL15b, Lem. 4.14]) Let QL be such that every assertion in DL is
a QL query. The set VW is r-satisfiable w.r.t. ¢ and K iff the conjunction xw,, of QL
query literals has a model w.r.t. (Ow,, A) where

o= A XA A G = A e A A e,
ISISE 0sisn P EW; p;EW;
Ow,, = {a(i) la€e O, 1<i<k+n+1}, A= U {a(k+i+1)}' ]
0<i<n,
aEA;
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The original proof again targets TCQs but similarly applies in our more general setting.

To sum up, the TQ satisfiability problem (w.r.t. a TKB) is reduced to two separate
ones in [BGL12; BBL15b]: one in LTL and one or several “atemporal” ones in DL—
assuming that the set W and mapping ¢, which link the two parts, are given. The
intuition is that VW contains exactly the worlds occurring in the LTL model 20 and that
¢ designates the worlds of the first n + 1 time points. Each world induces a set of QL
query literals. The DL part then checks whether these sets are consistent (w.r.t. certain
classical KBs), to ensure that a DL-LTL structure satisfying the QL queries (and the
TKB) according to 20 can indeed exist.

3.3 Problem Analysis and Technical Contributions

In this work, we focus on the temporal query languages and reasoning problems intro-
duced in this chapter. We consider various different settings:

e We investigate the combined complexity of satisfiability in DL-LTL, both com-
bined and data complexity of TCQ entailment, and rewritability of temporal query
answering for various query languages QL.

e In all three parts, we consider ££ and different DL-Lite fragments as instantiations
of DL. In the last chapter, we also regard various other lightweight logics.

e We consider different settings w.r.t. the rigid symbols and distinguish if no rigid
names, only rigid concept names, or both rigid concept and role names are allowed.

For solving satisfiability and entailment, we generally apply the approach presented in
the previous section (see Lemma 3.13). That is, for deciding the DL-LTL and the TCQ
satisfiability problem, we focus on the following three problems of

(i) obtaining W and ¢,
(ii) solving the LTL satisfiability test (t-satisfiability), and
(iii) solving the DL satisfiability test(s) (r-satisfiability).

Regarding the choice of methods to obtain W and ¢ for (i), we have that each can be
obtained by enumeration, guessing, or direct construction, depending on the complexity
class we target. The size of W is exponential in that of the considered query ®, and the
size of the mapping ¢ is linear in n, but there are exponentially many possible such map-
pings. Note that, in the special case where we have the trivial ABox sequence (0)o<i<n,
a mapping ¢ can always be obtained easily if there is a set W that satisfies all but the
last conditions of t-satisfiability and r-satisfiability, respectively. To see this, observe
that YW must not be empty, and that the last condition in Definition 3.12 requires the
world W, gy, an element of W, to be consistent w.r.t. the knowledge base (O, (), which
is true for every world in W if W satisfies the other conditions in that definition. Given
that the other conditions are met, the last condition in Definition 3.11 can thus easily
be satisfied by defining ¢: [0,0] — [1, k] such that it maps 0 to the index of the world
from W that exists because of the first condition. We state that as a fact for future
reference.
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Fact 3.15 For a TQ ®, TKB (O, (0)o<i<n), and set W that satisfies all but the last
conditions in Definitions 3.12 and 3.11, there exists a mapping ¢: [0,n] — [1,k] such
that the remaining conditions are also satisfied.

Problem (ii) is generally independent of the query language QL and DL DL. More-
over, it can be solved in exponential time w.r.t. combined complexity and in polynomial
time w.r.t. data complexity, by using a reduction to the emptiness of a Biichi automa-
ton [BBL15b, Lem. 4.12].

Regarding Problem (iii), we have two characterizations of r-satisfiability, Defini-
tion 3.12 and Lemma 3.14. The critical point with the former is the requirement that
the interpretations J1, ..., J%, Zo, - - - , Ln, share a common domain, because the satisfia-
bility tests for different interpretations cannot be done independently of each other, if
rigid symbols are considered. Observe that Ji,..., i characterize the satisfiability of
the conjunctions y; w.r.t. (O,0), i € [1, k|, respectively. Moreover, the functions of the
common domain are mainly two, which gets more evident if the additionally required
respect of rigid symbols is considered:

(F1) Synchronize the interpretation of rigid symbols regarding the named individuals.

(F2) Guarantee that the satisfiability of the conjunctions x;, ¢ € [1, k], which is repre-
sented by the respective interpretations 7;, is not contradicted by the interpreta-
tion of the rigid names in the other interpretations.

Problem (iii) thus depends on QL and DL, and especially on which symbols are allowed
to be rigid. This can be similarly seen by considering Lemma 3.14. If rigid names
are not considered, then the k conjunctions ¥ with i € [1, k] in the conjunction W,
do not share any symbols. That is, their satisfiability can be tested independently of
each other. This is important considering the fact that the size of xyy, depends on the
exponential number k.

Lemma 3.16 ([BGL12, Lem. 5.1]) Let x1,..., x¢ be conjunctions of QL query liter-
als, O1,...,0Oy be ontologies, and A1, ..., Ay be ABoxes such that elements with different
index i € [1,£] do not share concept and role names. Then the conjunction x1 A--- A X¢
is satisfiable w.r.t. the KB (Uy<;<¢ OisU1<i<s Ai) iff, for each i € [1,¢], x; is satisfiable
w.r.t. (O, A;). - o O

Note that [BGL12, Lem. 5.1] refers to the language QL of ALC axioms, but the result
obviously also holds in our more abstract setting.

Rigid names, on the other hand, generally require the consideration of the whole
conjunction. We thus get only rather high upper bounds from Lemma 3.14.

Lemma 3.17 If the satisfiability problem for conjunctions of QL query literals w.r.t. a
DL KB is contained in NP, then the satisfiability problem for temporal QL queries w.r.t.
a DL TKB is contained in NEXPTIME (NP ), and the entailment problem is contained
in CO-NEXPTIME (CO-NP ), w.r.t. combined (data) complexity.

Proof. We focus on the satisfiability problem and regard the conditions in Lemma 3.13.
Civen the above observations, (i) both the set W C 2{P1-Pm} of worlds and the map-
ping ¢: [0,n] — [1, k] can be nondeterministically guessed in exponential (polynomial)
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time, and (ii) t-satisfiability can be decided in exponential (polynomial) time in the
input (data). Regarding (iii) r-satisfiability, we have that xyy, is of size exponential in
|®| because of the first k& conjuncts. The size of each of the other n conjuncts is log(n)
times (i.e., for the representation of the index) the sum of a number linear in |®|, for
the conjuncts x ¥+ i € [0,n]. The size of Oyy,, is exponential in |®|, and linear in
|O] and n. The size of A is log(n) times the sum of all |4;], i € [1,n], and thus polyno-
mial in the data. Given the assumption (and the fact that |®| and |O| are constants),
the satisfiability of the conjunction in Lemma 3.14 can be tested in nondeterministic
exponential (polynomial) time. TQ satisfiability is thus contained in NEXpTIME (NP),
and entailment in CO-NEXPTIME (CO-NP). O

The above observations show that, in many cases, we cannot directly follow the ap-
proach of [BGL12; BBL15b] because we target considerably lower complexity results.
While the size of ¢ is only an obstacle for designing algorithms of sublinear complexity,
the exponential size of ¥V makes it impossible to guess (and store) this set by using only
a polynomial amount of space. And known results only allow to solve Problems (ii) and
(iii) in exponential time. The trivial approach of Lemma 3.13 does hence neither provide
an upper bound of PSPACE w.r.t. combined complexity, the lower bound we have from
LTL satisfiability, nor tractable data complexity, if rigid symbols are considered. Yet,
for ££ and the Horn fragments of DL-Lite, we usually have such reasoning complexities.
Indeed, we obtain such PSPACE and tractability results, even in some settings with rigid
symbols. More specifically, our contributions are as follows:

e We propose a new, general procedure for solving the TQ satisfiability problem
in polynomial space w.r.t. combined complexity based on adapting the algorithm
originally proposed for solving the LTL satisfiability problem, which is specified in
Algorithm 2.1. Recall that the latter algorithm iteratively constructs a model for a
given LTL formula ¢: it considers a sequence of exponentially many time points i,
iteratively regards each of them, guesses a world w;, and describes polynomial-
space tests ensuring the adequacy of w; (i.e., regarding the worlds guessed in
previous steps) and relying on a polynomial amount of information that is kept
and updated during the iteration. We extend that algorithm to iteratively con-
struct a model for a given TQ w.r.t. a TKB. That is, Problems (i) and (ii) are
solved in general for ®P? independently of QL and DL; specifically, we use the
world w; guessed in the original algorithm? to determine the element W of W that
represents the QL queries satisfied at ¢, and ¢.® But our procedure still has to be
tailored to the specific problem under consideration (e.g., TCQ entailment in £L£)
regarding Problem (iii). Our approach is sketched in Algorithm 3.1. The high-
lighted parts represent the critical extensions of Algorithm 2.1 (i.e., extensions
that may influence correctness or complexity); the functions which target the
r-satisfiability testing are specified later in this work for each considered problem
individually.

"Recall that w; is determined by Fpres.

8To determine ¢ in this way, we have to ensure that the first n time points are considered. This can
be done by guessing the start s of the period such that it is large enough. We also have to require
that ®P* € Fpres when ¢ = n instead of when ¢ = 0.
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Algorithm 3.1: Procedure for Deciding TQ Satisfiability

3] oW N =

=]

®

10

11

12

13

14

15

16

17

Input: TQ &, TKB K (O, (Ai)o<i<n)
Output: true if ® is satisfiable w.r.t. IC, otherwise false

d := GUESSDATA(®, K)

1:=0

s := Guess a number < 2/®™ > (0, and such that s > n
p := Guess a number < 4/

Frext ::Q),Fs ::(D; Fu:=10
Fpres := Guess a subset of Clo({®P*})

if not CONSISTENT(Fycs) or not INITIAL(F,..s) then
L return false

while i < s+ p do

Update Fpres and Fpeqt, and proceed as in Algorithm 2.1 for input ®P?,
Lines 9 to 17

if i =n and P* € F,,.; then return false

W = Fpres N {pl, cee ,Pm}

if ¢ >n then A; :=0

if not TESTRSAT(®,0, A;.d,i,s,p,W) then
L return false

=1+ 1

Continue as in Algorithm 2.1, Line 19
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In particular, this r-satisfiability testing has to be done as follows for obtaining a
concrete, polynomial-space algorithm:

— It can rely on a polynomial amount of additional data d which is guessed in
the beginning and kept during the iteration.

— It must be done in tests that require only polynomial space and, during the
iteration, may consider only one world W—different from the test described
in Lemma 3.14, which considers the exponential set W as a whole.

Corollaries 4.5, 4.22, 5.16, and 6.19 are obtained based on this new approach.

e The characterizations of r-satisfiability by such a polynomial amount of informa-
tion and conditions that can be tested by using only polynomial space presents
another main contribution of our work. This is because we also target low com-
plexities w.r.t. rigid symbols, regarding satisfiability in £L-LTL with global GClIs
(Section 4.4.2), and TCQ entailment in £L£ (Section 5.1) and Horn fragments of
DL-Lite (Section 6.1). The common idea of our characterizations is to adapt Def-
inition 3.12: we look for similar interpretations but consider their domains to be
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disjoint w.r.t. the unnamed individuals; and we use the additional data and test
conditions to achieve the effects of the shared domain (Functions (F1) and (F2)).

For obtaining tractable data complexity regarding TCQ entailment in ££ and
Horn fragments of DL-Lite, we also integrate the tests described in Lemma 3.13
into the construction of WW and ¢. The main achievement represents the algorithm
we propose for DL-Lite; there, we include rigid symbols and target the sublinear
ALOGTIME complexity. These results are stated in Theorems 5.19 and 6.37.

The remaining containment results are rather straightforward consequences of
Lemma 3.13 and the above observation that, if rigid symbols are disregarded, the
r-satisfiability test can be split into exponentially many satisfiability tests, each
regarding only polynomially large conjunction of QL query literals: Corollaries 4.6,
5.17, and 5.20, and Theorems 7.6 and 7.8.

Another major contribution are the various hardness results, where we apply the

few means these lightweight DLs offer for showing hardness for co-NP, NEXPTIME,
co-NExXPTIME, and 2-EXPTIME in the presence of rigid symbols: Theorems 4.8,

5.18, 5.21, 7.7, and 7.9.

For TCQ entailment in DL-Lite logics between DL-Litegyom and DL—Lite%ol, we es-
tablish close relationships to TCQ entailment in more expressive DLs: Lemmas 7.2
and 7.11.

In Chapter 8, we lastly obtain a generic rewritability result for answering TQs
without negation, which applies to various concrete query languages QL and
lightweight logics—as ontology languages—that have been proposed in the lit-
erature.

Note that the following chapters refer to the preliminaries but are self-contained
otherwise. This is why explanations in different chapters may overlap due to the above
described similarity of the approaches.

We below provide an overview of the assumptions we make throughout Chapters 4
to 7—recall that all of them are without loss of generality:

Individual names are always rigid.
Concept and role names occurring in an ABox of a (T)KB also occur in its ontology.

Individual names occurring in a TCQ also occur in the ABoxes of the (T)KB
regarded.

CQs are connected.

CQs contained in a TCQ are Boolean and do not share variables; this also applies
to multiple occurrences of one CQ.

Especially note that, if we refer to settings without rigid symbols or with only rigid
concept names, this does not include the individual names.
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Lastly, observe that a rigid concept name A can easily be represented using a flexible
concept name A’ and a rigid role name Ry4: by replacing every occurrence of A by A’
and considering the global CIs A’ C 3R4.T and 3R4.T C A’. That is, in DL-LTL,
the latter are prefixed by Op and added as conjuncts to the formula and, regarding
TCQs, they are added to the ontology. In the context of Chapters 4 to 7, where all
the considered DLs allow to express such Cls and global Cls can be expressed in both
settings we investigate, DL-LTL satisfiability and TCQ entailment w.r.t. a TKB (with
non-empty ontology), the following fact thus holds.

Fact 3.18 TQ satisfiability in the presence of rigid concept names can be linearly re-
duced to TQ satisfiability in the presence of rigid role names.

That is, hardness results for the case Ngrc # ) also apply to the case where Ngr # 0, and
we can disregard the case where Ngc = () but Ngrg # (). Note that we in the following
proceed in this way, without explicitly referring to Fact 3.18.

3.4 Related Work

In this section, we review related work on temporal ontology-based data access that
is closest to our work, where the ontologies are written in DLs. In general, there are
various ways to represent time in DL modeling; for example, by considering time points
as concrete datatypes [BH91; Lut01] or formalisms inspired by action logics [AF9S;
Har+13]. Good overviews of different such approaches are provided in [AF00; AF05].

We focus on temporal description logics that are combinations of standard temporal
logics with DLs and focus on two-dimensional semantics, which is nowadays the general
approach and common understanding of the notion (see Definition 3.1 and the part
below); though, there is no formal definition.” Such combinations still offer a wealth of
degrees of freedom:

e base DL;
e temporal logic (e.g., LTL or CTL, which is shortly covered later in this section);

e application of temporal logic operators: for temporalizing concepts or roles (i.e.,
if the operators are allowed within concept or role expressions); axioms, such as
in DL-LTL; or queries, such as in TQs;

e semantics (e.g., standard first-order semantics or epistemic semantics, which sep-
arate the temporal and DL dimension (see [Cal+07al, for example)).

Note that the choice of temporal logic fixes the notion of time considered (e.g., if it
is based on points or intervals) and that the semantics also specifies details such as
if the notion of time is based on the naturals, integers, or reals; and bounded to the
past or future. However, we do not further consider specifics such as the latter since
their relevance is minor w.r.t. the results we review. Moreover, the approaches in the
literature differ w.r.t. the problem and kind of complexity they focus on.

9Note that temporal description logics represent special kinds of extensions of DLs with modal log-
ics [Kur+03].
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Earlier works investigate temporal versions of standard reasoning problems w.r.t. com-
bined complexity and target applications such as terminologies with temporal aspects
or temporal conceptual modeling. In contrast, most recent investigations focus on query
answering with the goal of retrieving (temporal) data and also consider data complexity.
In the following, we cover both directions.

Regarding the problems studied, we apply the terminology of the atemporal setting
(e.g., the satisfiability problem of a concept w.r.t. a TKB is defined in correspondence
with Definition 2.5). Moreover, we also consider TKBs where the concepts and roles
in the ontology are temporalized, thus extending the TKBs from Definition 3.2. To
avoid confusion, we may further slightly adapt the original names of the logics since
there is no common naming scheme. Generally, we prefix DLs with the letter T if the
logic allows for temporalizing concepts—we mention the temporal logic used—and add
a corresponding superscript if only a subset of the temporal logic operators is allowed;
the suffix -LTL denotes the fact that axioms may be temporalized with LTL operators.

3.4.1 Reasoning with Temporalized Concepts and Axioms

The first combination of a DL and a point-based temporal logic, based on a two-
dimensional semantics, has been proposed in [Sch93]. Subsequent studies then have
focused on classifying different combinations of LTL and (extensions of) ALC regarding
expressivity and complexity, with results mostly in the range of EXPSPACE, if rigid roles
are disregarded. Since a detailed discussion of these results is beyond the scope of this
work, we refer to [Kur+03; AF05] for details; the Description Logic Handbook [Baa+07]
also provides a summary of main results. An important outcome of that research is how-
ever the observation that rigid roles or several other constraints on roles (e.g., temporal
operators) generally lead to undecidability. Because decidability represents one major
feature of DLs, research since then has been dedicated to the study of decidable tem-
poral DLs, which we review in the following. Decidable temporal DLs are generally
obtained by either restricting the expressivity of the temporal features (e.g., restricting
the operators or rigid symbols allowed) or the DL (e.g., by focusing on lightweight DLs).
Most recent studies often consider restrictions on both sides since they target tractable
logics.

[LWZ08| show that, without rigid symbols, neither temporalizing ALC concepts nor
GCls leads to an increase in complexity over the EXPTIME complexity of satisfiability in
ALC. Note however that rigid concept names A with the former kind of temporalization
can be modeled with GClIs of the form A C OpA. While the temporal and description
logic part thus cannot interact critically in these formalisms, the combination of the
two allows intricate interactions and leads to EXPSPACE-completeness. In a nutshell,
this is the case because the LTL part, which generally leads to a model (i.e., a DL-LTL
structure) that is periodic with a period of exponential length, here does not have this
property any more; formulas as the following example from [LWZ08, p. 8] have only
models whose interpretations all must be distinct:

Op(—(T E-A)A (AC OpOp—A)).

Temporalized DL axioms (see Section 3.1) have originally also been proposed re-
garding ALC [BGL12]. The satisfiability problem in ALC-LTL similarly has the same
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complexity as in the atemporal case, but rigid concepts and roles lead to NEXPTIME
and 2-EXPTIME-completeness, respectively, and thus to a considerable increase in com-
plexity. In the same paper, it is however also shown that this increase can be overcome,
at least for rigid concepts, if GCIs are only allowed to occur globally in the formulas.
[Lip14] extends the former results to SHOQ-LTL, which implies that they hold for all
such temporal DLs based on a DL between ALC and SHOQ.

Tractable DLs in combination with LTL are investigated in [Art+07; Art+14b].
[Art+14b] investigate the KB consistency problem for several temporal extensions of
different DL-Lite logics that allow for temporalizing concepts with subsets of LTL oper-
ators, including rigid roles. The positive results include containment in NLOGSPACE or
P and are obtained by reduction to fragments of propositional temporal logic, but they
only hold for formalisms strongly constrained on the temporal side. In most cases, more
variety in that direction leads to NP-completeness and, if more expressive role expres-
sions are allowed (e.g., arbitrary RIs), even to undecidability. Regarding both DL-Lite
and £L, [Art+07] integrate temporalized concepts, axioms, and rigid roles. They show
that the satisfiability of formulas in this setting for the resulting logics TDL-Litepyor-
LTL and TDL-Lz'te%;,n-LTL is EXPSPACE-complete, whereas it is PSPACE-complete in
TDL—Lz'tegf;m—LTL; TDL-Litey,, denotes the temporal extension of DL-Litep,, where
the concepts in ClIs may be formed by applying full LTL to basic concepts while, in
the latter two formalisms, only Or may be applied. The logics thus allow to describe
necessary future consequences in the ontology; for example, the fact that an application
that is out of user focus during two consecutive observations should be in the energy
saver mode at the next observation moment, can be expressed as follows:

Application M 0utOfFocus M1 OpOut0fFocus © O Of EnergySaverMode.

Note that, in all these formalisms, rigid concept names A can be modeled by adding
conjuncts of the form Op(A C OpA) to the formula. The results of [Art+07] are
interesting because, in the atemporal case, complexity results for DL-Liteg,,,, are usually
worse than corresponding ones for DL-Litep,or, [Art409]. In a nutshell, TDL-Lite(}foﬁn Cls
are critical because they allow to encode a standard counter—over time—that discerns
exponentially many time points per individual (e.g., similar to the counter in the proof
of Theorem 7.9); in addition, the outer LTL allows to specify conditions that hold for
all individuals per time point; and additional restrictions on selected individuals, which
are based on former time points, may constrain the latter conditions further. Note that
this interaction does not depend on rigid roles. The other results are again based on
translations into fragments of first-order temporal logic. For TELCF, a logic allowing
for temporalized concepts that are standard £L£ concepts augmented with the operator
<, subsumption is shown to be undecidable in the presence of rigid roles; the point
is that O in concept expressions in combination with the £L£ features allows to model
disjunction and hence to reduce to an undecidable temporal version of ALC. For that
reason, the complexity of the £L-LTL satisfiability problem was an interesting open
question since the logic represents another temporalization of the popular DL ££ and
there was no hardness result apart from the PSPACE complexity of LTL. We address
EL-LTL in [BT15b], where we investigate complexity w.r.t. different selections of rigid
symbols and show that £L-LTL can be allocated in between DL-Lite-LTL and ALC-
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LTL/SHOQ-LTL. These results together with new ones on DL-Lite-LTL and other such
temporal lightweight DLs are detailed in Chapter 4.

There are some recent works that temporalize concepts with temporal logic operators
different from the LTL ones. [GJL12; GJS14; GJS15] consider computation tree logic
(CTL) [CE81] for temporalizing concepts and investigate subsumption. CTL extends
LTL in that the time is not considered to be linear regarding future, but branching.
Since it allows to quantify over these branches both existentially and universally, it
allows to model alternative future behavior. For example, the fact that a dishwasher
that is currently filled by someone may be switched on in the next observation moment
can be expressed with the following CI:

Dishwasher MJFilledBy.T C E Op SwitchedOn

where E denotes the existential path quantifier. The latter expresses that the statement
following it represents a possible future, while other future states may exist though.
[GJL12] show that, if CTL is applied to ALC, then the complexity does not increase
over the atemporal case and propose a tractable temporal DL based on £L£, which is
however very restricted. Moreover, the results are very negative—nonelementary or
undecidable—if rigid roles are allowed, even for ££ [GJS14]. For that reason, follow-up
investigations [GJS15] consider restricted ontologies (e.g., acyclic ones) and, indeed, ob-
tain better results. Nevertheless, containment in PSPACE, for instance, is only achieved
by either strongly restricting the allowed temporal operators or disregarding the ontol-
ogy entirely.

A new direction of research has recently been pursued in [GJO16; Baa+17], investi-
gating metric versions of LTL for temporalizing ALC concepts (and GCIs) and regarding
satisfiability (of the resulting ontological formulas). One such logic allows, for example,
to annotate U with an interval based on concrete values, representing time points. Yet,
the complexities are rather high, often in the range of EXPSPACE and 2-EXPSPACE.
While the papers present important foundational work on metric temporal DLs, the
authors themselves state that the need for similar studies regarding lightweight DLs,
query answering, and data complexity to analyze the applicability for practical temporal
OBDA.

Observe that the above described results also apply to instance query answering (i.e.,
the problem of instance checking), as it is the case in the atemporal setting. The works
do however not investigate data complexity, which is relevant in practice. The more
recent studies described next address this issue.

3.4.2 Querying for Temporal Data

Query answering with the goal of retrieving data is in focus of recent research in DLs,
in general, and this is reflected in the latest explorations on reasoning about temporal
knowledge. The different works are primarily discerned regarding the ontology con-
sidered, depending on whether it is also temporal or written in a classical DL. The
former approaches offer more expressivity but, on the other hand, tend to lead to higher
reasoning complexities. For this reason, they are usually studied w.r.t. lightweight DLs.
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[Art+15a] investigate different temporal extensions of the DL-Lite logics described
in Section 2.1.!1° The goal of the work are first-order rewritability results regarding
the temporal query answering problem (see Definition 2.22). The queries are arbitrary
combinations of temporalized concept and role atoms using the operators of first-order
temporal logic and thus very expressive, which is why epistemic semantics are employed
(i.e., it is well known that queries with negation are not tractable, even in the atemporal
setting [Gut+15]). However, the investigations then mainly consider a very restricted
setting where roles are disregarded and the ABoxes contain a single individual name
only (the name itself may occur multiple times in an ABox). Though, these results can,
amongst others, be applied to show first-order rewritability of instance query answering
in TDL-LitelF, and TDL-LiteSF,. In particular, [Art+15a] define specific temporal
canonical interpretations for TKBs in these logics, which can be used to construct the
rewritings.

Also for TKBs where the ontology is written in TEL®* (i.e., the logic allows for
both Op and Op), there are canonical models, which can be used to show that the
satisfiability problem is tractable w.r.t. data complexity if rigid roles are disallowed
[GJK16]. The latter paper also identifies a certain periodicity of the ontology to ensure
decidability and proposes several acyclicity notions for ontologies in temporal ££ that
yield tractable combined and data complexity.

Research in the second direction—temporal query answering regarding classical onto-
logies—has been first considered in a general way in [GK12] regarding expressive op-
erators on both the temporal and the DL side (i.e., first-order formulas). Temporal
conjunctive queries have first been studied in [BBL13], focusing on the complexity of
the entailment problem. That paper and follow-up investigations [BBL15b; BBL15a]
focus on ALC and extensions such as SHOQ—under open world semantics—, which is
reflected in the rather high complexity results. Yet, for many of the considered DLs the
data complexity is in CO-NP, as in the atemporal case, even in the presence of rigid
concept names. Observe that the exact complexity w.r.t. rigid roles is still open, but
containment in EXPTIME is known. The combined complexity is generally as in the
atemporal case if rigid symbols are not considered, but w.r.t. rigid symbols increases up
to 2-ExXPTIME.

Together with [Klal3; KM14b] we regard TCQ answering and entailment w.r.t. the
most prominent lightweight description logics [BLT15; BT15b; BT15a]. Our complexity
results on TCQ entailment [BT15b; BT15a] are detailed in Chapters 5, 6, and 7 regard-
ing £L, DL-Litecore to DL-Lite?fom, and extensions of DL-Lite/,’;'f)m, respectively; note
that especially w.r.t. combined complexity, the latter logics have however turned out to
be not very “lightweight” any more. In Chapter 8, we describe the initial parts of the
work in [BLT15], by generalizing TCQs and proposing a practical approach for temporal
query answering; for details about algorithms, especially including rigid concept names,
we refer to the paper. In a nutshell, the feasibility of rewriting is achieved by dropping
the negation operator. [Klal3; KM14b| also describe an approach for implementa-
tion w.r.t. DL-Litecyre, but achieve the first-order rewritability by considering epistemic
semantics. Note that there are also some works on non-standard reasoning problems re-

ONote that [Art+15a] actually study fragments that are slightly more expressive than those described
in Section 2.1 (e.g., they consider more expressive Rls that may even model rigid roles).
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garding TCQs that are different from query answering and entailment [KM13; KM14a).
There, the focus is on ABox abduction, which roughly is the question of how the given
ABox sequence can be extended so that a specific TCQ is entailed.

Observe that, although the above described queries considered in [Art+15a] are very
expressive, they do not subsume TCQs. TCQs allow to existentially quantify variables
occurring in conjunctions of atoms, whereas the other queries can only express tree-
shaped CQs, via concept expressions.

A similar observation can be made regarding the logics where the axioms are tempor-
alized. While formulas containing only temporalized assertions can be directly regarded
as TCQs, the latter cannot express local CIs. On the other hand, CQs that are not
tree-shaped (e.g., see the introductory example CQ (1.1)) cannot be modeled through
concepts in logics such as ALC-LTL.

There are also some recent proposals of interval temporal description logics that allow
for tractable query answering [Art+14a; Art+15b]. Specifically, they combine fragments
of the Halpern-Shoham interval logic [HS91a] with DL-Lite. Note that this setting is
rather different from the one we consider. Nevertheless, these approaches follow an
interesting direction of research, given that, for example, the possibility to associate
data with intervals has been recently incorporated into the SQL standard [KM12].
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4 LTL over Lightweight Description Logic Axioms

In this chapter, we focus on an abstract lightweight DL DL, regard a formula ® in DL-
LTL, and investigate the combined complexity of the satisfiability problem in various
settings. DL-LTL formulas allow to temporalize ontological axioms and hence, for
example, to express rules about temporal knowledge. The following £L£-LTL formula
describes that it always must hold that, if all occupants in a room are sleeping at two
consecutive observation moments, then all lights and screens are switched off at the
second time of observation:

DF((RoomOccupant C Sleeping) A Op(RoomOccupant C Sleeping) —
Or (Light C JHasState.Switched0ff) A Op (Screen C EIHasState.SwitchedOff)).

Recall that £L-LTL formulas can also contain assertions, next to Cls; for instance, the
fact that Ann is sleeping at two consecutive observation moments should always imply
that her devices are not fully powered at the second time of observation:

DF(Sleeping(ann) A OpSleeping(ann) —
Op —JHasDevi ce.HHasState.FullPowerMode(ann)) .

In line with the examples where DL = £L we specify DL by requiring it to satisfy the
following properties:

(P1) It allows for conjunction, T, and either L or qualified existential restriction.
(P2) Satisfiability of conjunctions of DL literals can be decided in NP.

Note that DL-Litepor, is expressive enough to satisfy the first property. In Section 4.1,
we show that DL—LiteZ'fwl is “lightweight” enough to satisfy the second one and that £L£
also represents an instance of DL. We then prove in Section 4.2 that satisfiability in
DL-LTL is in PSPACE and hence not harder than satisfiability in LTL, if rigid symbols
are disregarded. The rather negative result that rigid symbols lead to NEXPTIME-
completeness is shown in Section 4.3 based on the NExpT1ME-hardness proof of ALC-
LTL [BGL12, Lem. 6.2]; note that satisfiability in ALC-LTL is however 2-ExpT1ME-hard
if rigid roles are considered. Since complexities of this magnitude nevertheless seem to
be out of the scope of usual applications of the lightweight DLs, we in the remainder
of the chapter consider restricted formulas, with global CIs. Indeed, for the concrete
temporal DLs ££-LTL and DL-Lite}t, -LTL, the satisfiability problem then also is in
PSPACE in the presence of rigid symbols.

Our containment proofs basically follow Lemma 3.13. The goal is thus to find a
corresponding set W of LTL worlds within specific time and space constraints, although
the size of this set is exponential in that of ®. Note that ¢ is irrelevant by Fact 3.15.
Throughout the chapter, we use the notation of Section 3.2.
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4 LTL over Lightweight Description Logic Axioms

4.1 Satisfiability of Conjunctions of DL Literals

Since conjunctions of DL literals do not contain temporal operators, we do neither
have to focus on a specific time point nor to consider an entire DL-LTL structure.
Satisfiability can be decided by regarding a single interpretation (i.e., the remaining
parts of the structure are irrelevant and can be chosen arbitrarily, which also means
that rigid names have no effects).

For £L, we can therefore use a reduction to the knowledge base consistency problem
in the DL ££0O, by creating £L£ axioms capturing the semantics of the respective
literals.

Lemma 4.1 Satisfiability of conjunctions of EL literals can be decided in P.

Proof. The proof is by reduction to the consistency problem in the DL ££0;. That
is, for a given conjunction ¥ of £L literals, we construct an ££0,; knowledge base
K = (0, .A) that is consistent iff ¥ is satisfiable.

The initial sets O and A contain all GCIs and, respectively, assertions that occur
non-negated in W. For each negative literal -« occurring in ®, K is then extended
according to the kind of -« as follows:

e Negated concept assertion =C'(a): the axioms C(a) and C M C C L, where C is a
fresh concept name, are added to K.

e Negated role assertion = R(a,b): the axiom {a} M 3IR.{b} C L is added to O.

e Negated GCI —~(C C D): the axioms C(a), D(a), and DM D C 1, where a is a
fresh individual name and D is a fresh concept name, are added to K.

It is easy to see that IC is consistent iff ¥ is satisfiable. Since consistency of ££0O; KBs
is decidable in polynomial time [BBL05, Thm. 4], the claim thus holds. O

Regarding DL-Lite, the proof is even more easy. This is because the complexity of KB
consistency is given in [Art+09] for KBs where the ABoxes may contain negated asser-
tions, as in our setting (see Section 2.1.1). A KB is thus obtained from a conjunction of
DL-Lite literals by replacing each negated CI —~(B1M...MBy, C By,41U...UBp4y) simi-
lar as above by CIs B,,; 1M BC L,..., BpninMBC L, and assertions By(a), ..., Bn(a),
B(a), where B and a are fresh symbols. From the results in [Art+09, Thm. 8.2] we then
get the following.

Lemma 4.2 Satisfiability of conjunctions of DL-Lite literals can be decided
e in P in DL-Lite}!, . and

e in NP in DL-Litelt .

4.2 Without Rigid Names

For the case without rigid names, PSPACE-hardness of satisfiability directly follows from
PSPACE-completeness of the satisfiability problem in propositional LTL. Containment
in PSPACE is however no direct consequence of known results and shown in this section;
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though, note that there is such a result for the temporal DL TDL-Litep" [Art+07] (see
Section 3.4 for a description of that formalism). Specifically, we show it for DL-LTL
where DL is a DL for which the satisfiability problem of conjunctions of DL literals can
be decided in NP. As described in Section 3.3, the direct application of the approach
applied in the related work [BGL12; BBL15b], captured in Lemma 3.13, yields only
a nondeterministic exponential time procedure, because of the exponential size of the
set W.

The idea of our Algorithm 3.1 is to integrate the LTL and the DL satisfiability testing:
we test the satisfiability of the LTL formula ®P?* as it is done in Algorithm 2.1 and
ensure in parallel that the guessed worlds are such that the respective conjunctions of
DL literals from Definition 3.12 are satisfiable. Since we disregard both rigid names and
the TKB, the DL part can be solved in this way, by checking the satisfiability of the &
conjunctions in x; separately, in exponentially many (possibly nondeterministic) tests,
each requiring only polynomial time. We then can consider W to consist of all worlds
guessed, although we never had to construct it in total.

Definition 4.3 Given a DL-LTL formula & and disregarding rigid symbols, satisfia-
bility can be decided using Algorithm 3.1 by taking ((),0) as input TKB, assuming
GUESSDATA to do nothing, and defining TESTRSAT(®, O, A;, d, i, s,p, W) to return true
iff the below conjunction of DL axioms is satisfiable:

N ein N\ e

pjEW ijW <>

Observe that, in this special case without rigid symbols and TKB, we do not need
additional data and have n = 0. The latter means that our additional adaptations
regarding n in Algorithm 3.1 do not have any effect w.r.t. Algorithm 2.1.

Lemma 4.4 The nondeterministic algorithm described in Definition 4.3 decides satis-
fiability in DL-LTL by using only polynomial space if Nrc = 0 and Ngrg = 0.

Proof. We define W as the union of all sets W encountered while running the algorithm.

Then, the correctness follows from Lemma 3.13, Fact 3.15, the correctness of the LTL
algorithm (see Lemma 2.21), Definition 3.12 regarding the empty TKB and no rigid sym-
bols (i.e., the k conjunctions x; do not share concept or role names), Lemma 3.16, and
the fact that our adaptation leads to a negative result iff one of the latter conjunctions
is not satisfiable.

The space complexity is a consequence of Lemma 2.21, the fact that the size of the
conjunction considered in the r-satisfiability test is linear in that of ®, and (P2). O

The complexity of satisfiability in DL-LTL is then obtained by combining Lemma 4.4
and the well-known result of Savitch [Sav70, Thm. 1].

Corollary 4.5 Satisfiability in DL-LTL is in PSPACE if Nrc = 00 and Nrg = 0.

4.3 With Rigid Names

In this section, we show that rigid concept symbols change the picture. In a nutshell,
this is the case because, now, interactions are possible: we cannot only use the LTL
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4 LTL over Lightweight Description Logic Axioms

features to discern exponentially many time points and to nondeterministically choose
a specific axiom at each of them, but we can also apply the DL part to correspondingly
discern exponentially many (rigid) concepts, instantiated by different individuals, and
thus “save” the LTL choices invariant to time, at the respective of those individuals—
via rigid names. If the axioms chosen are associated with specific individuals in this
way, then the DL part may additionally constrain the choice. We prove that it needs a
NExXxPTIME Turing machine to decide satisfiability in this setting.

The corresponding containment result directly follows from Lemma 3.17 for DL-LTL
because of (P2). Lemmas 4.1 and 4.2 thus let us state the following more specific result.

Corollary 4.6 Satisfiability in EL-LTL and DL-Lite %h‘zgqbool] -LTL is in NEXPTIME,
even if Ngrr # 0.

NExPTIME-hardness can be shown already for the case with rigid concept names, by
reducing the 2" !'-bounded domino problem.

Definition 4.7 A domino system is a triple D = (T, H,V'), where T is a finite set of
domino types and H,V C T x T are the horizontal and vertical matching conditions.
Let T be a domino system and I =tg,...,t,_1 € T™ be an initial condition, which is a
sequence of domino types of length n > 0. A mapping 7: [0,2" 1 —1]x[0,2""1 —1] = T
is a 2"t 1-bounded solution of D respecting the initial condition I iff the following hold
for all z,y < 2"+1:

e if 7(x,y) =t and 7((x + 1) mod 2"*1 y) = ¢, then (t,t') € H;
e if 7(x,y) =t and 7(x, (y + 1) mod 2"*1) = ¢, then (t,t') € V;
e 7(i,0) =t; for i <n. ¢

The complexity we target is established in [BGG97, Thm. 6.1.2], where it is shown
that there is a domino system D = (T, H,V) such that, given an initial condition
I =tg,...,tn—1 € T™, the problem of deciding if D has a 2"*'-bounded solution re-
specting I is NEXPTIME-hard.

For the reduction, we apply the features outlined above. The exponentially many
different time points, each associated with a specific rigid concept and individual in-
stantiating it, represent the positions in the plane of the domino. To tile the plane, we
represent the domino types as flexible concepts and require a specific named individual
to always satisfy one of them, by nondeterministically choosing the corresponding asser-
tion. The ontology is used to transfer that domino choice to the entire domain (i.e., by
using local GCIs of the form T C ...) and to save it via a rigid concept at the individual
associated to the current time point. The rigid concepts ensure that all positions and
the chosen types are instantiated in every world, which allows us to enforce the matching
conditions.

Theorem 4.8 Satisfiability in DL-LTL is NEXPTIME-hard if Nrc # 0, even if Nrg = 0.

Proof. Our proof consists of two steps: we first reduce the 2" !'-bounded domino prob-
lem for a given domino D with initial condition I to checking the satisfiability of a DL-
LTL formula ®p ; applying L, and then dispose of the L constructor by using qualified
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existential restriction. We thus cover both kinds of DLs DL we consider (see (P1), in
the beginning of the chapter). For the reduction, we adapt the NExpPTIME-hardness
proof for ALC-LTL w.r.t. rigid concepts [BGL12, Lem. 6.2]; we point out the differences
to that reduction at the end of the proof. We assume a domino system D = (T, H,V)
with initial condition I to be given and construct a DL-LTL formula ®p ; such that
®p s is satisfiable iff D has a 27t bounded solution respecting I. Subsequently, we first
list and describe the symbols we use and then specify ®p ;.

We discern global' concept names that are flexible and either satisfied by all domain
elements or by none of them; local concept names are rigid and used to identify specific
individuals. Global names are used to transfer values such as domino types from a
named individual a to all other elements, and local names are used to save these values
at some of these elements. Altogether, we use the following symbols:

e an individual name a;

e flexible (global) concept names Zj,..., Zop+1, Z(})‘ ceey Z;‘nJrl, 20y .y Loy, tO
realize three binary counters modulo 22"+2 (Z, Z" and Zv) over the positions in
the plane, by iterating over time;

e rigid (local) concept names Xj,..., X, and Yp,...,Y,, to similarly realize two
binary counters modulo 27!, where the X-counter describes the horizontal and
the Y-counter the vertical position in the plane;

e flexible (global) concept names Gy, G, G¥, and a rigid (local) concept name L;
for all t € T', to describe the tiling;

e rigid (local) concept names Xo,...,Xn, Yo,...,Y,, and flexible (global) concept
names Zo, ..., Zont1, Zgs---sLops1, and Zg, e Zgnﬂ representing the comple-
ments of the above counters;

e auxiliary flexible concept names IV, Eg, e ,Eéln 1 By By

The first n 4+ 1 bits of the Z, Z" and Z-counters are used to represent the 2"+ z-
coordinates, and the second n + 1 bits are used to represent the y-coordinates of the
plane. We count with the Z-counter up to 22"*2 by iterating over time and use the
time points to realize all positions (z,y) € [0,2"*" — 1] x [0,2"+! — 1]. Specifically,
we enforce a to satisfy the concepts from the corresponding subset of {Z, ..., Zop4+1}
for every value of the Z-counter.? By modeling the concept names Z; as global, we
ensure that the value of the counter is always transferred to all domain elements. For
every position represented by the Z-counter, the Z" and ZY-counters represent the
top and right neighbor position, respectively. Note however that, regarding a specific
world, these three counters only allow us to enforce that the position they currently
represent—regarding the Z-counter, we call it the current position—is instantiated, by
all individuals.

To be able to address arbitrary positions independently of the current time point,
we use the rigid concept names Xo,..., X, and Yp,...,Y,. In particular, we ensure

!Not to be confused with rigid or always (in time).
2For simplicity, we refer to a instead of to “the domain element representing a”.
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4 LTL over Lightweight Description Logic Axioms

that there is always (at least) one individual whose X and Y-values match the value
of the global Z-counter, such that every position (z,y) € [0,2""! — 1] x [0,2"T! — 1] is
represented by at least one individual in every world.

To tile the plane, we ensure that a satisfies exactly one current global domino type
G in every world, which represents the type t chosen for the current position. The local
concept L; is used to represent this choice independently of time, similar to the use of
the X/Y-counter w.r.t. the positions represented by the Z-counter. Specifically, we do
not only ensure that there is an individual whose X and Y-values match the value of
the global Z-counter, but it also must satisfy L; if G; is the current global type. In
this way, we ensure that all positions and the chosen types are instantiated in every
world, which allows us to enforce the matching conditions. For the latter, we explicitly
represent the types chosen for the two important neighbor positions as global types G
and GY and ensure that they match the local types of the respective positions.

We now formalize these descriptions and the initial condition and construct the DL-
LTL formula ®p ; as a conjunction of the DL-LTL formulas listed in the following.

e Every value of the Z-counter is realized in some world by a, which means that a
satisfies the concepts from the corresponding subset of {Zp,. .., Zap11}:

or A (( A Zj(a))(—)(Zi(a)HOF—'Zi(a))).
0<i<2n+1  0<j<i

This formula requires the i-th bit of the Z-counter to be flipped from one world
to the next iff all preceding bits are true. Thus, the value of the Z-counter in the
next world is equal to the value in the current world incremented by one.

e In every world, the Z" and Z?-counter are synchronized with the Z-counter and
also realized by a. This is described similar to the Z-counter in two steps. (i)
The z-coordinate represented by the Z"-counter equals the one represented by
the Z-counter plus 1:

or A (A Z(@) © (Zie) & ~2a)).
0<i<n  0<j<i
(ii) The y-coordinates represented by the two counters are the same:
or N (Zia) < Za)).
n+1<i<2n+1
The Z"-counter is modeled correspondingly:

e A (A Z@) < (Zile) & -2/()),

n+1<i<2n+1 n+1<j<s

Op /\ (Zi(a) <> Z}(a)).

0<i<n

e Regarding a, the interpretation of the concept name Z; as the Comglement of Z;
is enforced as follows; corresponding conjuncts are used to model Z, and Zf, the
complements of Zz-h and Z/, respectively:

OrF /\ (71<a) > —|Zz(a))

0<i<2n+1
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4.3 With Rigid Names

e The values of the three global counters Z, Z" and ZV (and their complements)
are shared by all individuals in every world. Again, the global formulas for Z"
and Z", and also those for the three complements, are analogous to the ones for
the Z counter:

OF /\ (TCZ)V(Z;C1)).
0<i<2n+1

e In every world, also one combination of the X and the Y-counter is realized by
(at least) one individual. To ensure that all combinations are covered, we consider
the one matching the global Z-counter (in this world) and, to make sure that they
are realized, we require the concept N to be instantiated in every world. N is
then used to model the former:

\:|F<—|(NEJ_)/\ /\ (N|_|ZZ EXZ)/\ /\ (N|_|ZZ EY;’—(n—&-l))/\
0<i<n n+1<1<2n+1

A NNXiCZ)A N\ (NTYig) C2)).

0<i<n n+1<i<2n+1

(4.1)

In the same way, we enforce the correct interpretation of the complements of the
local counters. That is, we use a formula as the above one where Z;, X;, and
Yi_(n41) are replaced by Z;, X;, and Y;_(,41), respectively.

Altogether, the above descriptions ensure that every position of the plane is realized
in every world by some individual. Note that we need this to enforce the matching
conditions given in D with the help of global ClIs, since they address different positions
at the same time. Next, we describe the admissible tilings.

e Every world gets exactly one (global) domino type that represents the choice for
the current position and is shared by all individuals:

or(V ((TEG)A A (GrED)). (4.2)

teT veT\{t}

Again, we similarly consider the global domino types GJ and G¥ representing the
choices for the current right and, respectively, top neighbor position (represented
by Z" and Z°).

e Given the domino types chosen for the neighbor positions, the horizontal and
vertical matching condition can be enforced easily:

or( V (Gua)AGE@) A\ (Gila) AGE(a))),

(t,t')eH (ttev

e To synchronize the domino types Gy, G, and GY w.r.t. the different worlds (e.g.,
type t € T represented by G? in the current world equals that represented by G4
in the world where the Z-counter is equal to the current Z”-counter), we use the
local (rigid) domino types L;. First, we ensure that the local type satisfied by
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4 LTL over Lightweight Description Logic Axioms

the individual representing the current position equals the current global type Gy
with Cls as follows for all ¢t € T*:

Or N\ (NG 2 L) A(NTTL C Gy)).
tel
Note that, because of the second of the above Cls and the fact that every world has
exactly one global domino type Gy, satisfied by all individuals (see (4.2)), every
individual satisfying IV in some world also has exactly one local domino type: the
global type of that world, in which it represents the current position (see (4.1),
which also ensures that such an individual exists for every world).

To synchronize the choices of domino types, especially those represented by Gy, G¥
and GY, we employ the auxiliary concept names Ezh and F;:

or N\ (ZENX,CEMAZINX, CEM)A
0<i<n
Op /\ ((Z} Yi (ny1) E E" A (7? MY, (1) E EM).
n+1<i<2n+1

The CIs for E are analogous, using the Z/ and Zf—counters. In this way, the
interpretation of E} M--- M E} | must include all those domain elements that
satisfy the one combination of X and Y-values which matches the current Z”-
counter. This particularly includes the individual instantiating N that is forced
to exist in the corresponding world by (4.1). Moreover, it allows us to ensure
that the global domino type G? matches the local domino type L; at all domain
elements satisfying E{} M---nEy. +1; analogous arguments and CIs apply regarding
the vertical direction:

Op((EfM...NEY A NGIC L) A(E}N...NEY, ML CGP)).

The initial condition I = ¢y, ..., t,—1 is described as follows, for all i € [0,n — 1]:
Or((C% =) N Zpy1 N1 Zop41 T Gy,)
where, for all b; € {0,1} and j € [0,n],

(=3 27xb;)= [ Z;n [] 2

0<j<n 0<j<n 0<j<n

This conjunction identifies a particular z-position in the Z-counter. If the y-coordinate
represented by the Z-counter is 0 additionally, as enforced above, then the corresponding
domino type of the initial condition is enforced. This finishes the definition of the
DL-LTL formula ®p ;, which consists of the conjuncts specified and mentioned above.
Observe that the size of ®p ; is polynomial in n. Moreover, it can be checked that ®p ;
is satisfiable w.r.t. (Op 1, 0) iff D has a 2"*1-bounded solution respecting I.

We lastly describe how the bottom constructor can be eliminated. We apply an idea
of [BBLO05] (see the proof of Theorem 7), use a fresh rigid concept name L and a flexible
role name R, and require the following formula to be satisfied:

P = —|L(CL) VAN DF(HR.L C L).
By replacing the negated CI =(N C L) in ®p; by T C JR.N, we ensure that
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e in all the exponentially many worlds, a has an R-successor that satisfies N and,
because of (4.1), represents the position associated to the corresponding world;
and

e a as well as the above mentioned individuals do not satisfy L in any world, since
L is rigid.

We hence can use L instead of 1 without changing the semantics everywhere else in the
formula ®p ;. The reason for this is that it suffices to enforce the CIs with L on the
right-hand side to hold regarding individuals representing the 2272 relevant positions,
instead of for all domain elements. We denote by 537 ; the formula resulting from these
replacements and get that ® ; A @, is satisfiable iff D has a 2""!-bounded solution
respecting 1. 7

Given the above observations, it is easy to see that the polynomial size and cor-
rectness are retained. This finishes the reduction, and NExXPTIME-hardness follows
from (P1) and the NEXPTIME-hardness of the 2"*1-bounded domino problem [BGG97,
Thm. 6.1.2]. O

We point out main differences to the proof for ALC-LTL, which similarly reduces the
domino problem. The disjunction allowed in ALC Cls allows to enforce the matching
conditions by using only a single global type G, while we additionally need G} and GV
together with a complex synchronization with the help of the auxiliary concepts. More
specifically, ALC-LTL allows to require that the current global type and the local types
of the elements representing the important neighbor positions fulfill some condition of
H and V (for details, we refer to the original proof). In contrast, we have to ensure
the matching using the nondeterminism of LTL and hence the DL-LTL formula and
the individual a. Another difference is the presence of the concept names explicitly
representing the complements of the various counters (e.g., X;). In ALC, this can be
directly expressed using negation.
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4.4 Global GCls in £L-LTL

In this section, we focus on £L, consider a setting where the GCIs are global, and show
that the satisfiability problem then, also in the presence of rigid names, is in PSPACE.?
The restriction to global GCIs has similarly been shown to yield a better complexity for
ALC-LTL in the case with rigid concept names, EXPTIME instead of the NEXPTIME-
completeness in the case without restrictions [BGL12, Thm. 6.5]. We hence show the
impact to be considerably greater if £L£ is considered. An £L£-LTL formula with global
GCls is generally of the following form

O = (OUo) AT (4.3)

where O is an £L ontology, Vo is the conjunction of the GClIs contained in it, and ¥
is an £L-LTL formula that contains no GCIs and in which all concept assertions are
assertions of basic concepts; without loss of generality, we assume the GCIs to be in
normal form and all concept and role names occurring in the formula to also occur in
0. The generalized TQ answering setting we introduced in Chapter 3 moreover allows
us to regard the ontological part of the formula to be the global ontology in the TKB
so that we can assume ® to contain only £L£ assertions in the following.

For deciding satisfiability of ®, we again rely on Lemma 3.13; a set W C 2{P1pPm} ig
thus critical. This set is of exponential size, captures the LTL part of the satisfiability
problem in an abstract way, and also describes the axioms to be considered for satisfia-
bility testing in £L. Specifically, each element of ¥V induces a set of (negated) axioms
and, because of the rigid symbols, these sets cannot be considered separately.

In what follows, we first propose rigid canonical interpretations of polynomial size
to summarize consequences of rigid knowledge in these sets of ££ axioms. Then, we
propose a new characterization of r-satisfiability of W in terms of those interpretations
where we consider the elements of WV separately. Hence, it can be applied in our over-
all approach of Algorithm 3.1 for deciding satisfiability of ® by using only polynomial
space.

4.4.1 Rigid Canonical Interpretations

To explicitly represent knowledge that follows from rigid information in axioms and
hence is invariant to time, we define rigid canonical interpretations. These interpreta-
tions are iteratively constructed based on the rigid knowledge in the finite canonical
interpretations (see Definition 2.10) and similarly to the latter. For that, we introduce
new unnamed elements that serve as prototypical successors, in the same way the un-
named elements in the canonical interpretations do; in contrast, the latter elements do
not play that role any more.

Definition 4.9 The rigid canonical interpretation Ij- for a KB K = (O, A) written
in £L is based on the finite canonical interpretation Zj- and the set AZx of unnamed
individuals, defined as follows:

AT = {uy | A € Ne(0) U{T}}.

3Note that the notion “global” here has a semantics different from the one of the global concepts
considered in the previous section.
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4.4 Global GCIs in EL-LTL

e The domain is:

Ak = ATk U ALk

e For all a € Ny and A € Nrc:

!
IIC = a,

Al .= AT U {uy, € ALk |O = A, C A}

e For all ¢+ > 0, let interpretations IllC,i be defined as Zj- is defined up to this point.
Further, they are specified iteratively as follows, for all A € N¢ \ Nrc, R € Ngg,
and S € Ng \ NRg:

AIfco = {u'Al e ANk | O = A EA}

Rx0 := R U{(uAl,qu) e ATk x Ak | O = A; C 3R. A5},

sffco = {(uAl,uAQ) € Ak x AI y @ |:A1 C 35.4,},
Afcint .= {e € Bci | Be B(O),0 = B A},
RTcat1 := RTxi U {(e,uy,) € BTxi x Alx | B € B(O), O = B C3R. A},
STt = STk U {(e,uy,) € BTri x Alx | B e B(O), O |= BC 35.41}.

e The definition of Zj- is finished based on these interpretations:

Al = | J ATk, R = |JR%a,  S%o= | S%

>0 i>0 i>0 &

Since the domain of the rigid canonical interpretation is of polynomial size, it is easy
to see that the above iteration converges after polynomially many iterations. Thus the
interpretation is constructed in polynomial time.

We now prove two auxiliary lemmas to characterize Z- regarding its domain elements.
First, we show that the constituent interpretations of Zj- all agree regarding the “new”
unnamed domain elements.

Lemma 4.10 Let K = (O, A) be a consistent knowledge base in EL. For allu!y € Alk,
B e B(O), and i >0, we have v’y € BT iff O = AC B.

Proof. The proof is by induction on ¢ and starts with ¢ = 0.
e Let B € Nc. The claim holds directly by the definition of BTk

e Let B =3R.A;. (=) Given v/4 € (3R.A;)%.0, the interpretation of roles i in Tk o
and the fact that v/ 4 ¢ AL yleld that there must be an element u/y, € AL % such
that (uy,u),) € Rfxo and vy, € A¥kco and, specifically, that O = A C EIR As.
From that, we get O = Ay C A; by the definition of A1K0 and thls yields
OFAC3RA. (<) If O = AC 3R.Ay, then we have (uA,uAl) € R%xo and
uy, € Afko by the definition of Tjo- This means u/y € (3R.A;)5 K.0.
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4 LTL over Lightweight Description Logic Axioms

In the induction step, we regard ¢ > 0.

e Let B € N¢. u/y € Bk is equivalent to the existence of a concept C' € B(O) such
that O = C C B and u/y € CTk.i-1, which is equivalent to O = A C C by the
induction hypothesis. We hence get the equivalence to O = A C B.

e Let B = 3R.A;. u/; € BT means that an element )y, € Ak exists such that
(i) (u'y,uy,) € RTci and (i) u/y, € ATk hold. By the interpretation of symbols
in Definition 4.9, (i) is equivalent to the existence of a j < i and a C' € B(O) such
that v/, € C%cs and O = C' C 3R.A, and (ii) is equivalent to the existence of
a concept D € B(O) such that vy, € D%c.i-1 and O |= D C A;. The induction
hypothesis then, respectively, yields equivalencesto O = AC Cand O = Ay C D,
and we get O = A C JR.A;, altogether. O

The second auxiliary lemma describes Zj- regarding the domain elements of I)é.

Lemma 4.11 Let K = (O, A) be a consistent KB in EL, e € AZE, and B € B(O). If
eE BIIIC, then there is a rigid concept C over O such that e € CTE and O ECLCB.

Proof. We assume e € BZx. For the case that B € Ngrc, Definition 4.9 yields e € B,
O E B C B holds trivially. For the remaining cases, the proof is by induction over
the construction of Zj., showing that, for all i > 0, e € BTk, implies the existence of a
concept C' as above. For the base case, let ¢ = 0.

e Let B € N¢ \ Nrc. This case cannot apply since BTco N AZE is empty.

e Let B = JR.A. Given the assumption, there is an element d € AZk such that
(e,d) € RZko and d € ATko. Because of e € AIIJQ, we must have R € Nrg and
(e,d) € Rk by the definition of T} ;. But then d € AZE similarly implies A € Ngc
and d € AZE. Thus, we can set C = IR.A.

. . ! !
For the induction step, we assume e € Blk.i+1 \Bzm.

e Let B € Nc \ Ngrc. The assumption and the definition of BTk.i+1 imply that there
is a concept B; € B(O) such that e € Bfx.i and O = B; C B. By the induction
hypothesis, there is a rigid concept C' over O such that e € CIZE and O = C C B;.
But then we also have O = D C B, as required.

e Let B =3R.A;. We can consider an element d € A%k such that (e,d) € RTx.i+1
and d € A%i/c,z‘ﬂ by assumption.

If d € AZX, then we must have R € Ngg, (e,d) € R%co and (e,d) € R%. By the
assumption that e € BZc.i+1 \ BTk, we then get that d € Afc.i+1 \ Afx.i. From
the previous case and the base cases for concept names B € Nrc, we know that
there is a rigid concept D over O such that d € DTt and O E D LC A;. But then
C :=3R.D is as required since e € (EIR.D)IIfC and O =3R.D C 3R.A;.

If d =y, € AE;C, then Lemma 4.10 yields that O = Ay & Ay and u)y, € A%I/c,O.
Since e € BTc.i+1 \ BZk.i, we know that there is a B; € B(O) such that e € Bfk.i
and O = By C 3JR.A;. By the induction hypothesis, there is a rigid concept
over @ which we choose to be C such that e € CZk and O = C C B;. Thus, we
conclude that O |= C C 3R.A;4, as required. O
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4.4 Global GCIs in EL-LTL

4.4.2 Characterizing r-Satisfiability

In this section, we regard a set W C o{p1Pm} a5 in Lemma 3.13, which consists of worlds
Wi,..., Wy, and relates the LTL and the £L part of the satisfiability problem. We
characterize the r-satisfiability of W as outlined in Section 3.3. Different from existing
characterizations (see Section 3.2), we consider the exponentially many conjunctions
from Definition 3.12 that are based on the worlds in W individually, so that we can
apply the characterization in Algorithm 3.1: the idea is to specify a polynomial amount
of additional data and conditions such that the former captures sufficient information
about the rigid knowledge in the axioms induced by Wi, ..., W} and is included into
the conditions; the latter only regard the satisfiability of a single conjunction y; w.r.t.
O for i € [1,k] at a time, can be tested using only polynomial space, and together
characterize the satisfiability of the conjunctions in interpretations sharing a common
domain (Function (F2)).

To synchronize the interpretations regarding the named individuals (Function (F1)),
one part of the additional data are (negated) assertions of the relevant rigid names on
all individual names occurring in .

Definition 4.12 (ABox Type) An ABox type for ® is a set

Ar C {A(a), ~A(a) | a € N(®), A € Nrc(O)}U
{R(a,b),~R(a,b) | a,b € Ni(®), R € Ngr(O)}

with the property that a € Ag iff —a ¢ Ag. &
Regarding Function (F2), we collect the (negated) axioms to be satisfied in ABoxes for

all i € [1, k]: o
Ag, = 1{pj | pj € Wi} U{~yp; | p; € Wi}

The conditions to be satisfied for r-satisfiability can then be captured by the property
of r-completeness.

Definition 4.13 (r-complete) A tuple (Ag,.AR) consisting of an ABox type Ag for
® and a set
AR C{3R.A(a) | a € Ni(®), R € Nrr(O), A€ Nc(O)U{T}}
is r-complete (w.r.t. W and @) if the following hold for all ¢ € [1, k]
(C1) Kk = (0, AR UAR U Ap,) is consistent.

(C2) For all a € N(®), R € Ngr(O), and A € Nc(O) U {T}, a € (3R.A)% implies
JR.A(a) € AR, where I] := I[’,CMJF, and [Kk]T is obtained from K% by dropping
all negated assertions. &

The idea is that Ag fixes the interpretation of the rigid names on the named individuals
and that AR specifies what kind of successors need to be present at every time point,
regarding all rigid roles. Recall that we originally consider the TKB to be empty when
regarding satisfiability in ££-LTL, and in the setting with global GCIs only modify
this assumption w.r.t. the ontology. Since W is required to be non-empty, we thus can
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4 LTL over Lightweight Description Logic Axioms

disregard the empty ABox Ag from the TKB in our characterization by Fact 3.15. We
specifically can show that the existence of an r-complete tuple w.r.t. YW characterizes
the r-satisfiability of this set.

Lemma 4.14 W is r-satisfiable w.r.t. ® iff there is an r-complete tuple w.r.t. W and ®.

The proof of this result is split over the subsequent sections.

If W is r-satisfiable, then there is an r-complete tuple w.r.t. YW and ¢

Let J1,...,Jx be the interpretations that exist according to the r-satisfiability of W.
We construct ABoxes Ag and Ag as follows:

Ag == {A(a) | A € Nrc(0), a € N(®), Ji = Aa)}U
{~A(a) | A € Nre(0), a € N(®), Ji I~ A(a)}U
{R(a,b) | R € Nrr(O), a,b € Ni(®), Ji = R(a,b)} U
{~R(a,b) | R € Nrr(O), a,b e N\(®), Ji I R(a,b)},

AR = {3R.A(a) | R € Nrr(0), A € Nc(O)U{T}, a € Ny(®),
C a rigid concept over @, a € C7, O = CC3JR.A}.

In what follows, we focus on Definition 4.13 and show that the tuple (Ag,.AR) is
r-complete. The set Agr is obviously an ABox type and, since the interpretations
J1, ..., Ji agree on the interpretation of all rigid names by assumption, each of them is
a model of Ag. Furthermore, these interpretations satisfy © and hence also A3. This
implies that, for all i € [1,k], K& = (O, Ar U AR U Ag,) is consistent.

Regarding the other condition of r-completeness, we assume that a € (3R.A)% holds
for some a € Ni(®), R € Nrr(O), A € Nc(O)U{T}, and ¢ € [1, k], and show that we
then have 3R.A € A3. By Lemma 4.11, there is a rigid concept C over O such that
a € C% and O = C C IR.A, where Z; := Zjjcy)+ is the finite canonical interpretation
for [K&]*. From Lemma 2.17, we then get that a € C7, and thus a € C7' since J;
and J; agree on the interpretation of the rigid names.

It remains to prove the other direction of Lemma 4.14.

If there is an r-complete tuple w.r.t. YW and ®, then W is r-satisfiable w.r.t. ¢

We focus on an r-complete tuple (Ag,.AR) and in the following first provide auxiliary
definitions, then define interpretations 71, ..., Jk, and lastly show that these interpreta-
tions satisfy the requirements stated in Definition 3.12. The idea of our construction of
the interpretations Jq, . .., Jx is roughly to integrate the finite canonical interpretations
of the KBs in Condition (C1) of Definition 4.13. This can be done by using the cor-
responding rigid canonical interpretations to include consequences of rigid information
from the KBs, which are invariant to time. For all i € [1, k], consider the following
definitions.
o Let Z; := Zjjy)+ be the finite canonical interpretation of the KB [KC&]T obtained
from Kk by removing all negated assertions from Agr and Ag,; and let Z; := [,ICﬁ]+
be the corresponding rigid canonical interpretation.
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4.4 Global GCIs in EL-LTL

We show that Z; is a model of K, though. Since Z; satisfies [KC]™ by Lemma 2.12,
we can focus on the negated assertions in Ag and Ag,. Given that Kk is consistent
by Condition (C1), we know that [K&]" F~ a holds for all negated assertions
—a € ARUAR. By Definition 2.10, it then follows that Z; = = A(a), which implies
the following.

Fact 4.15 Z; is a model of K.

e We write AZi to distinguish the unnamed domain elements unique to the canonical
interpretation Z; and Y instead of u 4 for the elements in this set.

Thus, the domain of Z; is composed of the pairwise disjoint sets Ni(®) and AL
Fact 4.16 The set N{(®) and all sets AL with i € [1,k] are pairwise disjoint.
We now construct the interpretations [J1, . . ., Ji as required to show the r-satisfiability

of W by joining the domains of the interpretations Z; and ensuring that they interpret
all rigid names in the same way. The common domain A is specified as follows:

k
A=N(@)u |J Ak
=1

Ji is defined below, for all i € [1, k]:

e For all a € N(®): ai := a.

For all rigid concept names A: A% := U§:1 Al

For all flexible concept names A: A7 := AL U U?:l (Afj N Azé‘) .

For all rigid role names R:

k k k
R = |J R U UL(eu) | e € AT N @R.A)E).
j=1 j=1¢=1

For all flexible role names R:

k
RJi .= REi U U {(e,u}y) | e € AL N (IR.A)5}.
j=1

We thus have constructed interpretations [Ji,...,J; that share one domain, respect
rigid names, and satisfy the UNA for all relevant individual names. It remains to show
that each J; is a model of O and ;. To this end, we first characterize it in terms of the
canonical interpretations it is based upon.

Lemma 4.17 For alli,j € [1,k] and concepts B € S(O), the following hold:

a) For all a € Ny(®), we have a € BY iff a € B%.
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4 LTL over Lightweight Description Logic Axioms

b) For all e € ALi

u

we have e € BJ iff
e i=jandec B%, or
e cc BT,

Proof. Regarding b), observe first that e € BZi implies e € B% by Lemma 4.11 and
the fact that Z; is a model of O. This means that, if ¢ = j, then the two items are
equivalent to the first item. On the other hand, if i # j, then only the second item in b)
has to be considered. We prove a) and b) simultaneously by induction on the structure
of B and start with the base cases. The claims obviously hold for B = T and, for a
flexible concept name B, they follow directly from the definition of 7; and Fact 4.16.

Let B € Nrc(O). For a), we have a € B iff there is some j € [1, k] such that a € B%
by the definition of [J;. Since both Z; and Z; are models of the ABox type Ag, this is
equivalent to a € BL:.

For b) and ¢ = j, Fact 4.16 and the definition of J; yield the claim. For i # j, we
additionally observe that BY N AT = B% holds by Definition 4.9.

Regarding the induction steps, we skip the case for B = A1 M As since it can be easily
treated based on the semantics and assume B = 3R.A.

(<) For both a) and b), this direction is a direct consequence of the observations
that R% C R7 and ATi C AJ:; regarding the last item, we additionally mention that
e € (AR.A)% implies (e,u’y) € R and vy € A% by the definition of J; and, w.r.t. the
latter, Definitions 2.10 and 4.9.

(=) We begin with the proof of a). If R is rigid, then the definition of J; implies that
there is an element e € A%i| j € [1, k], such that (a,e) € R% and e € A7:.

e If ¢ € Ni(®), then we have R(a,e) € A; U Ag by Definition 2.10. Since K% is
consistent and Ag is an ABox type, this yields that R(a,e) € Agr and leads to
(a,e) € R by Lemma 2.12. a € (3R.A)% is obtained by the induction hypothesis
w.r.t. e.

e If i = j and e € ALi| then the induction hypothesis yields e € A%, which leads to
a € (AR.A)%.

e It remains to consider the case that i # j and e € ALi. Then, we have (a,e) € R%j
by Definition 4.9. From the induction hypothesis, we obtain e € A%, and hence
a € (AR.A)%. Thus, we have 3R.A(a) € AR, and hence a € (3R.A)% since Z; is
a model of Ag.

If R is flexible, then there is an element e € A%i such that (a,e) € RT and e € A7
by the definition of 7; and Fact 4.16. By applying the induction hypothesis to e (and
i = j), we obtain that e € A% and thus a € (IR.A)%.

For b), we begin with the case that R is rigid. By the definition of J;, either (i)
there is an element d such that (e,d) € R% and d € A% N AL (see Definition 2.10 and
Fact 4.16), or (i) e € (3R.A)%, (e,uYy) € R7:, and uY € A for some £ € [1, k] (again
by Fact 4.16). By the initial observation, we thus only have to consider (i). By the
induction hypothesis, we have either (') i = j and d € A% or (ii’) d € A%}, In the first
case, we can infer that e € (GR.A)T and, in the second case, we have (e,d) € R% since
R is rigid, and thus e € (3R.A)%.
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If R is flexible, then either (i) there is an element d such that (e,d) € R% and
d € A7 N AL (see Definition 2.10 and Fact 4.16), or (ii) e € (3R.A)%, (e,uYy) € R,
and uYy € A%, Again, Case (ii) is trivial. In Case (i), we have i = j, and thus by the
induction hypothesis get that d € A%. Thus, we get e € (IR.A)%. ]

Based on this lemma, we show that the interpretations J; are in fact as intended.

Lemma 4.18 For alli € [1,k], J; is a model O.

Proof. We consider a GCI B C C € O and arbitrary interpretation J; with ¢ € [1, k].
Let first e € AT N BY. By Lemma 4.17, we have e € B%, and hence get e € C% since
7; satisfies @. By again applying Lemma 4.17, we obtain e € C:.

It remains to consider e € AL N BY for i # j. By Lemma 4.17, we get e € B,
Next, we show that e € CZi then holds, which leads to e € Ci, again by Lemma 4.17.
Since e € BZj, there is an ¢ > 0 such that e € BZ.¢, where Ty = I[/’Cié]ﬂf is as in
Definition 4.9.

e Let C' = T. In this case, e € CZi holds trivially by the semantics.

e Let C € Nc \ Ngc. e € BTt and the GCI yield e € CZie1 and CLierr C O by
the definitions of I]’.,e 41 and I]’-.

e C € Ngc. e € B implies e € B% by Lemma 4.11 and the fact that Z; is a model
of @. We also have BL C C% by Lemma 2.12, C% C CZjo by the kind of e and
the definition of I;yo, and CZjo C CcZ; by Definition 4.9. We thus have e € CT;.

e Let C =3R.A. e € BLi¢ and the GCI yield (e, ;) € R%i.c+1, which is a subset of
RZ; by the definition of y 1 Since we also have u/y € ATj.0, which is a subset of
AT;, we obtain e € (3R.A)%. O

It remains to show that all literals in y; are satisfied by J;, which are the (negated)
assertions Ap,.

Lemma 4.19 For alli € [1,k], J; is a model of x;.

Proof. For the positive assertions in Ag,, we know that Z; satisfies Ag,, by Defini-
tion 4.13 and Lemma 2.12. Since we have ATt C A% and R% C R7 for all A € Nc(O)
and R € Nr(O), these assertions from Ag, are also satisfied in J;.

We regard a negated concept assertion —A(a) € Ag,. Since Z; = Ag,, we have
a ¢ A% and thus a ¢ A7 follows from Lemma 4.17.

For a negated assertion ~R(a,b) € Ag, with R € Ng\NRg, we similarly get (a,b) ¢ RT:,
and thus (a,b) ¢ R7 follows from the definition of J;.

Regarding a negated assertion —R(a,b) € Ag, with R € Ngrg, we get =R(a,b) € Ar
from the conmsistency of K and the fact that Ag is an ABox type. Thus, Fact 4.15
implies (a,b) ¢ R% for all j € [1,k], and we get (a,b) ¢ R, again by the definition
of J;. O

This concludes the proof of Lemma 4.14.
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4.4.3 Containment

We finally show that the satisfiability problem in ££-LTL with global GClIs is in PSPACE,
even if rigid symbols are considered. The characterization of r-satisfiability from the pre-
vious section allows us to integrate corresponding tests with the t-satisfiability testing as
described in Algorithm 3.1. Recall that the latter is based upon the polynomial-space
algorithm originally proposed for deciding satisfiability in LTL (see Algorithm 2.1).
In what follows, we specify our approach and show that the (nondeterministic) r-
satisfiability tests can be done by using only polynomial space, which yields that it
is as required.

Definition 4.20 Given a formula A ®p A ® in EL-LTL with global GCls, satisfiability
can be decided by running Algorithm 3.1 with input ® and (O, 0)):

e GUESSDATA: It guesses and returns a tuple (AR,.AE'{) consisting of an ABox type
Ag for A®p A ® and a set

A3 C {3R.A(a) | a € Ni(®), R € Ngr(O), A € Nc(O)U{T1}.
e TESTRSAT: Given ®,0, A;,d (i.e., the tuple guessed), i, s, p, and W, it defines

Aq = {wj | pi e WU {~yp; | pj € W}
and returns true iff the two conditions in Definition 4.13 are satisfied. &

Observe that, since we have n = 0, our algorithm adapts Algorithm 2.1 only in the
guessing and r-satisfiability testing.

Lemma 4.21 The nondeterministic algorithm described in Definition 4.20 decides sat-
isfiability in EL-LTL with global GCIs by using only polynomial space (in the size of the
given formula).

Proof. Let the set W be defined as union of all sets W encountered while running the
algorithm. Then, the correctness follows from Lemma 3.13; Fact 3.15; the correctness of
the LTL algorithm (see Lemma 2.21) regarding the satisfiability of ®P*; the observation
that we only extend the latter by the guessing, which does not influence correctness, and
the r-satisfiability testing; and Lemma 4.14 together with the fact that our adaptation
leads to a negative result iff one of the conditions of r-completeness is not satisfied.

The space complexity is a consequence of Lemma 2.21 about Algorithm 2.1, the fact
that we only extend the latter by the guessing and the r-satisfiability parts, and the
following observations about them.

e The nondeterministic guessing of the polynomially large sets Agr and AR can be
done using only polynomial space.

e The KB considered in the conditions checked can be seen as a conjunction of £L£
literals (of size polynomial in that of ® and ). Thus, its consistency can be
decided in deterministic polynomial time by Lemma 4.1.

e The size of the rigid canonical interpretation considered in Condition (C2) is
polynomial in the size of O (see Definition 4.9). Regarding one such interpretation,
that condition can hence be checked in polynomial time. O
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Global GClIs
DL (i) (ii) (iii) (i) (ii) (iii)

TDL-Lz'tefrgm“ PSpPACE PSpACE PSPACE PSPACE PSPACE PSPACE
TDL-Lite)" EXPSPACE EXPSPACE EXPSPACE EXPSPACE EXPSPACE  EXPSPACE
TDL-Litepyo® EXPSPACE EXPSPACE EXPSPACE EXPSPACE EXPSPACE  EXPSPACE
EL PSpPACE NExpTIME NEXPTIME  PSPACE PSPACE PSPACE
> [SC85], < Co. 4.5 > Th. 4.8 < Co. 4.6 < Co. 4.22
DL-Lite wﬁ PSPACE NExpPTIME NEXPTIME  PSPACE PSPACE PSPACE
> [SC85], < Co. 4.5 > Th. 4.8 < Co. 4.6 < Co. 6.19
DL-Lite gmlfj] PSPACE NExpPTIME NEXPTIME PSPACE <NEXPTIME <NEXPTIME
> [SC85], < Co. 4.5 > Th. 4.8 < Co. 4.6
AcLch ExXpPTIME NExpTIME 2-ExpTIME EXPTIME ExXPTIME  2-EXPTIME
SHOQC ExPTIME NExPTIME 2-ExPTIME EXPTIME <NEXPTIME 2-EXPTIME

Figure 4.1: The complexity of satisfiability in DL-LTL for different DLs DL considering
(i) no rigid symbols, (ii) rigid concept names, and (iii) rigid role names.?
Our results are highlighted. All complexities except those marked with <
are tight; > hardness, < containment.

“[Art407]

[BGL12]

°[Lip14]

9The temporal DLs from the related works are described in Section 3.4.

The complexity of satisfiability in £L£-LTL with global GCIs and in the presence of
rigid symbols is then obtained by combining Lemma 4.21 and the well-known result of
Savitch [Sav70, Thm. 1].

Corollary 4.22 Satisfiability in EL-LTL with global GClIs is in PSPACE, even in case
that Nrg # 0.

4.5 Summary

In this chapter, we have investigated the complexity of satisfiability in several temporal
lightweight DLs allowing for temporalizing DL axioms. We specifically covered £L-LTL
as well as all logics between DL-Litey,,-LTL and DL—Lite?,'éol—LTL, and different settings
regarding the rigid symbols allowed. Although results for TDL-Litepoo-LTL [Art+07]
and ALC-LTL [BGL12] have been obtained before, even decidability was still open for
the logics including role hierarchies. We have shown decidability, PSPACE containment
for the case without rigid symbols, and that the interaction of the LTL and DL features
strongly increases with rigid symbols—although we considered very small DLs.

Figure 4.1 shows the results in comparison to formalisms that similarly allow for tem-
poralizing DL axioms using LTL. Compared to TDL—LitekOrﬁm—LTL—Which subsumes
DL-Litegrom-LTL—, there is a considerable increase in complexity if rigid symbols are
considered, already w.r.t. concept names. Note that we also have this NEXPTIME-
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completeness for SHOQ-LTL, which offers much more expressivity, if inverse roles are
disregarded. On the other hand, the restriction to global GCIs and basic concept as-
sertions has turned out as surprisingly beneficial for ££-LTL, given the corresponding
results for ALC-LTL. The 2-EXPTIME complexity regarding SHOQ-LTL with global
GCls follows from the case without restrictions and the result for ALC-LTL with global
GCIs. Note that the results for global GClIs regarding the Horn fragment of DL-Lite
follow from those for TCQs, presented in Chapter 6; that is, DL-LTL formulas with
global GCIs can be seen as TCQs if the GCIs are taken as the global ontology. For the
logics in the Bool fragment of DL-Lite, we have not shown tight complexity bounds.
We do not estimate them to be NEXPTIME-complete since we need more expressivity
in all the NExPTIME-hardness proofs in this work.

Furthermore, it should be noted that £L£-LTL represents a temporal version of one of
the DLs that are most important in practice and for which there are many ontologies
around, which basically are global GCIs. Our results show, what was unknown given
only the results for DL-Lite-LTL or ALC-LTL: formulas combining ££ basic concept
and role assertions via LTL operators can be considered w.r.t. ££ ontologies “for free”—
compared to formulas in LTL. This proposes two alternatives for practically applying
temporalized DL axioms: to disallow rigid symbols or to consider the Cls as being
global.
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In this chapter, we regard a Boolean TCQ ® and a TKB K = (O, (Ai)o<i<n) in EL
and investigate the combined and data complexity of the TCQ entailment problem. We
show that, leaving rigid symbols aside, neither combined nor data complexity increase
compared to the respective baselines, the combined complexity of satisfiability in LTL
and the data complexity of CQ answering in ££. The former even holds if rigid concept
names are considered. Regarding data complexity, tractability is however lost if rigid
names are taken into account. Moreover, the CO-NEXPTIME combined complexity we
show for the case with rigid roles does not seem to be attractive for most applications
of EL.

The considerable influence of rigid symbols is due to the main expressive feature of
EL, qualified existential restriction (in combination with conjunction)—this gets evident
when we consider DL-Lite]!,., in Chapter 6, which only allows existential restrictions to
be unqualified. For example, £L£ ontologies may contain GCIs as the following, stating
that every element which has a system-critical part that is defect has a critical defect:

JHasPart.Defect I SystemCritical C CriticalDefect.

Hence, if the role HasPart is rigid and used to connect components, then the states of
the latter, at any time point ¢, depend not only on the states of all their subcomponents
at 7 but at arbitrary points in time. Observe also that (T)CQs as the following similarly
allow to query for such knowledge, but the answers then cannot be taken into account
during inferencing:

Jy.HasPart(z,y) A Defect(y) A SystemCritical(y).

TCQ satisfiability—and hence entailment—can be decided by solving two satisfiability
problems, according to Lemma 3.13: one in LTL and one in DL; the latter is captured by
the notion of r-satisfiability. Our results are based on this approach. The set W of LTL
worlds which is to be found, connects the two problems, and plays an important role
in both is however of exponential size. In Section 5.1, we therefore first propose a new
characterization of r-satisfiability in the presence of rigid concept names that is tailored
to TCQs and £L and, different from existing characterizations (see Section 3.2), is not
inherently of exponential complexity. We then apply this approach in the subsequent
Section 5.2 on combined complexity for obtaining the PSPACE result. Data complexity
is investigated in Section 5.3.

Throughout the chapter, we use the notation of Section 3.2. For simplicity, we further
assume K to be of the form K = (O,0) where we target combined complexity (i.e.,
in Sections 5.1 and 5.2), which can be done according to Lemma 3.7. Observe that
entailment is then decided by focusing on time point zero. With this assumption in
place, we however have to drop the assumption that all individual names contained in ®
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also occur in the ABoxes; in fact, ® is then the only place where individual names may
occur.

We close the introduction with an auxiliary result on the satisfiability of conjunctions
of CQ literals. The latter represents an integral problem in the existing characterizations
of r-satisfiability, which we apply for containment results.

Satisfiability of Conjunctions of CQ literals

We show that, for a Boolean TCQ that is a conjunction of CQ literals, the satisfiability
w.r.t. a classical KB can be decided in P w.r.t. combined complexity. The proof is by re-
duction to UCQ non-entailment through an instantiation of the positive literals, similar
to the proof of the corresponding Theorem 4.1 in [BBL15b]—that theorem considers the
DL SHQ and targets another complexity class—, and a careful analysis of a procedure
to solve that problem in NP, which has been proposed in [Ros07].

Lemma 5.1 For a knowledge base K and a Boolean conjunction U of CQ literals, the
decision if ¥ has a model w.r.t. IC can be reduced to several deterministic polynomial time
tests w.r.t. combined complexity, the number of which is polynomial in the number of
conjuncts of ¥ and exponential in the mazximal number of terms occurring in a negative
CQ literal in V.

Proof. Let £ = (O, A). As it is done in the proof of the corresponding Theorem 4.1
in [BBL15b], we first reduce the problem of deciding whether ¥ has a model w.r.t.
to a UCQ non-entailment problem. Let

U=p A Apg A=t Ao A=y,

where 1, ..., @01, ...,y are Boolean CQs. Then, the positive CQ literals 1, ..., @p
are instantiated by omitting the existential quantifiers and replacing the variables by
fresh individual names. The resulting set A’ of assertions is then regarded as an addi-
tional ABox restricting possible models of K.

It is easy to see that W is satisfiable w.r.t. K iff there is an interpretation Z’ such that
' E(O,AUAY and ' = —4p1 A ... A by, This is the complement of the entailment
problem (O, AUA") =91 V...V Y.

In [Ros07, Thm. 2], it is shown that the latter problem is NP-complete w.r.t. combined
complexity, which seems to contradict our above claim. The proof is based on an
algorithm (computeQueryEntailment) that decides UCQ entailment. In particular, it
is remarked in [Ros07] that the nondeterminism is caused only by the first step of the
algorithm, while all other steps run in deterministic polynomial time in their input. This
first step (sub-procedure unify) nondeterministically chooses one CQ v; with i € [1,m]
and one substitution to unify some of the terms in ;. But this means that we can instead
consider all (exponentially many) possible unifiers, for each ; with ¢ € [1,m], and
execute the remaining deterministic steps of the algorithm computeQueryEntailment,
for each of them, in polynomial time. In analogy to computeQueryEntailment, the
entailment holds iff one of these runs succeeds.

Consequently, also the complement problem, satisfiability of Boolean UCQs, can be
decided deterministically by applying exponentially many (in the size of the largest
negated conjunct in ¥) polynomial time tests. O
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5.1 Characterizing r-Satisfiablility Without Rigid Roles

In this section, we regard a set W C o{p1.Pm} that consists of worlds Wi, ..., W
and connects the LTL part of the TCQ satisfiability problem, looking for a model of
the LTL formula ®P? to the £L part, according to Lemma 3.13. The £L part is
captured by the notion of r-satisfiability of W, for which we in the following propose a
new characterization. Our approach is outlined in Section 3.3. The idea is to specify
a polynomial amount of additional data that allows us to split the tests proposed in
Definition 3.12 into separate and independent consistency tests that focus on single
elements of VW, may take this data into account, and require only polynomial space.
We thus proceed similar as for ££-LTL with global GCIs (see Section 4.4.2); but the
conditions we develop for capturing the satisfiability of the conjunctions of CQ literals
in the presence of rigid knowledge present a major difference.

The focus is on the set W fixed above; we can disregard the mapping ¢ and the last
condition in Definition 3.12 by Fact 3.15. Note that, for now, we assume the entire
set W to be given. We however never consider it as a whole, but regard its elements
Wi, ..., Wy independently of each other. In what follows, we first describe the form of
the additional data and then present the conditions to be tested.

Recall that the goal of including the additional data is to simulate the effects of the
shared domain, Functions (F1) and (F2). To synchronize the interpretations regarding
the named individuals (Function (F1)), the additional data contains an ABox type
similar to the one for ££-LTL with global GCIs (see Definition 4.12). But we disregard
rigid roles here.

Definition 5.2 (ABox Type) An ABoz type for O is a set
Ar € {A(a), ~A(a) [ a € Ni(®), A € Nrc(O)}
with the property that A(a) € Ar iff —A(a) ¢ Ag. &

Regarding Function (F2), first note that positive CQ literals in some y; with i € [1, k],
cannot be contradicted by some J; with i # j if J;, the model of x;, and J; both
satisfy a common ABox type (e.g., if we regard an ontology O = {A C —B} with
A € Ngrc and assume that J; satisfies a CQ Jy.B(a) A A(y), J; = A(a) would be
contradictory; but the latter cannot hold if the interpretations satisfy O, and a common
ABox type or, alternatively, share one domain and respect rigid names). Since the latter
is ensured in our tests, it remains to consider the negative CQ literals occurring in some
Xi, © € [1,k]. Observe that, apart from the agreement on the named individuals, we
assume the domains of Ji, ..., J; to be disjoint (on the unnamed part). Given Ngg = ()
and the connectedness of CQs, this leads to the fact that such literals can only be
contradicted via rigid names by single elements which satisfy those names; and ¢ then
must be tree-shaped?.

Definition 5.3 (Tree-Shaped) A CQ ¢ is tree-shaped if it does not contain individual
names and Gy, is a tree. If ¢ # (), then the tree has a unique root, the root (variable)
of .

!The definition of Con(yp) is similar to the notion of “rolled-up” queries used by [Ros07].
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For a tree-shaped CQ ¢ with root variable z, we set Con(y) := Con’(p, x), where

Con'(p,y) := |_| AN |_| JR.Con’ (i, 2).
Aly)ep  R(y.2)ep ¢

In what follows, we assume that all concepts of the form Con(y) for all tree-shaped
CQs p € Qg also occur in O.

In view of this definition, we can fully characterize the satisfaction of (tree-shaped)
CQs in Qg based on rigid concept names in the anonymous part of an interpretation.
Specifically, we use sets of rigid concept names as witnesses.

Definition 5.4 (Witness) A set B C Nrc(O) is a witness of a concept C' w.r.t. O if
[1B C C or if there are roles Ry, ..., Ry € Ng and concepts C1,...,Cy € S(O) such that
@) ): |—|B C E|R1.Cl, O ): Cz C 3Ri+1-ci+1 for all 7 € [1,£— 1], and O ': Cg CC. Bis
a witness of a tree-shaped CQ ¢ w.r.t. O if it is a witness of Con(y) w.r.t. O.

Let further Z be the canonical interpretation for a knowledge base (O, A), where A is
an arbitrary ABox. Then, B is a witness of an element u,p o, r,c, € AL wrt. (O, A)
it O ): |_|B C ElRl.Cl, @) ): C; C HRi+1.Ci+1 for all ¢ € [1,5 — 1], and Uy S (HB)Z
or 0 € Ni(A) N ([1B)E. The set of all witnesses of an unnamed element e w.r.t. O is
denoted by Wo(e). For all e € AT\ AL we define Wp(e) = 0. O

We sometimes say that an individual satisfies a witness B if it satisfies [ | B. It is easy
to see that, if a model of O contains an element that satisfies a witness of a CQ ¢, then
this model satisfies .

Lemma 5.5 Let Z be a model of O and B be a witness of a tree-shaped CQ ¢ w.r.t. O.
Then, T |= 3z.B(x) implies that T = . O

Based on the above observations, we collect CQs that may occur negated in some
Xi, @ € [1,k], in the additional data to be able to ensure that none of their witnesses
is satisfied in any of J1,...,Jkx. Observe that the additional data thus consists of a
number of assertions and queries that is polynomial in the size of ®. The conditions we
then test are captured by a property of r-completeness similar to the one for ££-LTL
with global GClIs (see Definition 4.13).

To simplify the presentation of that property, we also represent the CQs to be satisfied
as ABoxes. For all i € [1,k], let Q; := {p; | pj € W}, and let Ag, denote the ABox
obtained from (); by instantiating all variables x with fresh individual names a,. We
collect all these new individual names in the set Nj**. Observe that, because of our
assumption that the CQs in ® have no variables in common, each a, € N{** can be
unambiguously associated to a CQ containing z.

Definition 5.6 (r-complete) A tuple (Agr, @) consisting of an ABox type Ag for O
and a set Qg C Qg is r-complete (w.r.t. W and O) if the following hold for all ¢ € [1, k]:

(C1) Kg := (0, Agr U Ag,) is consistent.
(C2) For all p; € W;, we have Kk [~ ¢;.

(C3) For all tree-shaped CQs ¢ € Qg and all witnesses B of ¢ w.r.t. O, we have
& W 3o B(x).
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(C4) For all W € W and p; € W, we have ¢, € QR. O

The first two conditions together ensure that, for all considered worlds W; with i € [1, k],
exactly the queries specified by W; can be satisfied w.r.t. O if the assertions in Ag are
taken into account. Condition (C3) additionally ensures that the queries induced by
the propositions in W; are not entailed based on the rigid names, by requiring that the
canonical model of K& does not satisfy any of the witnesses of the tree-shaped queries
in QR (see Lemma 2.13). In line with Conditions (C1)-(C3), the last condition makes
sure that only queries from Qg may be induced by elements of W for all W € W.

The existence of an r-complete tuple w.r.t. W fully characterizes the r-satisfiability
of W.

Lemma 5.7 W is r-satisfiable w.r.t. (O,0) iff there is an r-complete tuple w.r.t. W
and O. [

Recall that the mapping ¢ is irrelevant in view of the TKB we consider by Fact 3.15. The
proof of the lemma is split over the following two subsections. Subsequently, we describe
how this lemma can be used to decide the entailment problem using only polynomial
space.

If VW is r-satisfiable, then there is an r-complete tuple w.r.t. ¥ and O

Given the r-satisfiability of VW, there are interpretations 1, ..., Ji over a shared domain
A as specified in Definition 3.12. We hence can define a tuple (Agr, QR) as follows:

Ag = {A(a) | a € N|(®), A € Nrc(0),a”t € AT} U
{=A(a) | a € N|(®), A € Npc(0), a” ¢ AT},
Qr :={v; € Qo Ip; (W}

The proof that (Ag, QR) is r-complete is straightforward, by regarding the conditions
in Definition 5.6. According to Definition 5.2, Ag is an ABox type for O, and Qg C Qs
holds obviously.

Condition (C1) is satisfied since each J;, i € [1, k], can be extended to a model J; of
K& by appropriately defining the interpretations of the new individual names a, that
are introduced by Ag,. More precisely, we have J; = ¢; for all p; € W; by assumption
(see Definition 3.12); let m be the corresponding homomorphism. For each variable z
occurring in ¢;, we can then copy the element d := 7(x) € A, add the new individual
e to the domain of 7/, set amji/ := e, and interpret a, as d is interpreted. Observe that
we have to copy the element to overcome possible violations of the UNA, since a,, is an
individual name. To see that the resulting interpretation is well-defined, we refer to the
construction of Nj** (see the part above Definition 5.6).

Condition (C2) is shown by contradiction. Assume that there are an i € [1,k] and
a pj € W; such that K = ¢;j. Given the proof for Condition (C1), we get J/ = ¢j,
which leads to J; = ¢; because ¢; does not contain any of the new individual names.
But this contradicts the assumption that J; = x;.

Condition (C3) is also proven by contradiction. We assume that there are an i € [1, k],
a tree-shaped CQ ¢; € QR, and a witness B of o; such that K | Jz.B(x) which, as
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above, yields J; |= 3z.B(z). However, by the above definition of g, there must be
an ¢ € [1,k] such that p; ¢ Wy, and thus Jy [~ ¢;. Lemma 5.5 then yields that
Jy ¥ Jx.B(x) which, given B C Nrc(O), contradicts the assumption that J; and Jy
share one domain and respect the rigid names.

Condition (C4) is trivially satisfied.

If there is an r-complete tuple w.r.t. VW, then WV is r-satisfiable.

The proof of the converse direction is more involved. We assume (Ag, Qg) to be the
r-complete tuple given and, as before, follow the lines of Definition 3.12. The goal is
thus to show that we can construct interpretations [Ji,...,J; as required. Recall that
we do not need to specifically define an interpretation Zy for time point 0 since, for any
L given, J,(o) is a model of Ay = () and X4(0) (see Fact 3.15). In a nutshell, we integrate
the canonical interpretations of the KBs in Condition (C1) of Definition 5.6 to construct
the interpretations Ji, ..., Jk.

In what follows, we first provide auxiliary definitions, then define Ji,..., Jx, and
subsequently prove that the interpretations are as required. Note that, in the remain-
der of the proof, we generally do not reference Definition 5.6 explicitly if we refer to
Conditions (C1)—(C4).

For all i € [1, k], consider the following definitions and observations.

e Let Z; := T+ be the canonical interpretation of the KB [Kg]t obtained from
Kk by removing the negated assertions from Ag.

We can establish the following fact in the way Fact 4.15 is obtained for ££-LTL.
Fact 5.8 Z; is a model of Kk.

e We define AZi := N3** N AZi to distinguish the elements contained in N?'X and
similarly write AZi for the set containing the unnamed domain elements unique to
the canonical interpretation Z;. Moreover, we write e’ instead of e for the elements
in these sets.

Thus, the domain of Z; is composed of the pairwise disjoint sets Nj(®), AL
and AZi,

Fact 5.9 The set N|(®), all sets AL withi € [1,k], and all sets AL with i € [1, k]
are pairwise disjoint.

We next construct the interpretations [J1,...,Jr as required for the r-satisfiability
of W; that is, all share one domain, they respect rigid names, and each J; with ¢ € [1, k]
is a model of O and y; = /\pjeWi wj N /\p]‘EWi —¢;. To this end, we join the interpreta-
tions Z;. The idea is that, for all ¢ € [1, k], Z; represents the (flexible) parts specific to
Ji and, for the interpretation of the rigid symbols in J;, all Z; with j € [1, k] are consid-
ered. Of course, the interpretation of the flexible symbols then cannot be solely based
on Z; but has to be adjusted. In this way, we ensure that all of J1,...,J; interpret the
rigid concept names in the same way.
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The common domain A is defined as follows:

k
A=N(@)uU (JAFuAL).
=1
Ji is specified below, for i € [1,k]:
e For all a € Ni(®): a7 := a.
k
e For all rigid concept names A: A7 := U At
j=1

e For all flexible concept names A:

k ok
a=amul) U ([18)7 uUfee A% AL [ Wole) #0).
J=1BCNgrc(0), Jj=1
OFMBCA

e For all (flexible) role names R:

k
R7 = R% U [ J{(d,e) € BB 0 (AT x ATY) | d ¢ Ni(®), Wo(e) # 0}.
j=1

We thus have constructed interpretations [Ji,...,J; that share the same domain and
respect the rigid concept names since, for all A € Nrc and i € [1,k], the definition
of A7 is independent of i. Most parts of the specification should be straightforward.
Note that the cases referring to witnesses would not have to explicitly mention AZi (see
Definition 5.4), but we include this information to ease both understanding and the
proofs. For simplifying the proofs, we also exclude the named individuals in the very
last case, though such tuples are obviously included in the interpretation in 7; because
of Nj(®) C A%i, Fact 5.9, and the fact that R? C R,

Before proving that [Ji,...,J; fulfill all requirements for the r-satisfiability of W,
we next establish some auxiliary results. Specifically, we show connections between
J1, ..., Jr and the canonical interpretations, which help to clarify the picture of the
former. First, we establish a basic connection between the interpretations J; and Z;
concerning the interpretation of role names.

Lemma 5.10 For all i € [1,k], elements d,e € ATi, and role names R € Nr, we have:
(d,e) € R7 iff (d,e) € R,

Proof. (<) This direction follows directly from the definition of R7:.

(=) The definition of J; implies that there is a j € [1, k] such that (d,e) € R%. We
thus only have to regard the case that j # i and can assume that e has a witness w.r.t. O.
Since e € A%, Fact 5.9 however implies that e € Nj(®). Hence, j # 4 is impossible since
named domain elements have no witnesses according to Definition 5.4. 0
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There is a similar connection between the interpretations of concepts in J; and Z;.

Lemma 5.11 For all concepts C € S(O) and i,j € [1,k], the following hold.

a) For all e € ATi, we have e € C7i iff e € CFi.

b) For all e € AL U AL such that j # i and Wo(e) = 0, we have e € C7 iff there

is a set B C Nrc(O) such that e € ([1B)% and O =[1BC C.

¢) For all e € ALi such that Wo(e) # 0, we have e € C7 iff e € CFi.

Proof. The items are proven simultaneously by induction over the structure of C. We
start with the base cases.

e Let C € Nc. («) For all items, this direction is a direct consequence of the

definition of ;. (=) We again consider the definition of C7:.

We first consider e € Nj(®) to partially prove a). For C' € Ngc, the fact that
each Z; with j € [1,k] is a model of the ABox type Ag implies e € C%. For flexible
concept names C, Fact 5.9 yields two options: either e € C%i, or e € (1 B)Ij for
some j € [1,k] and B C Ngrc(O) such that O =[]B C C. Since both Z; and Z;
are models of Ag, the latter yields e € ([]B)% which, given Z; = O, implies that
ec Chi,

Regarding the other elements e in a), b), and c¢), which means that e ¢ Nj(®),
Fact 5.9 implies for C' € Nrc that e € C7 iff e € C%i. For C € N¢ \ Nrc and (=),

we additionally have to remark that each Z; with j € [1,k] is a model of O to get
ecCh,

Let C = T. Both e € Ci and e € C%i (e € C%) must hold by Definition 2.4, for
a) (for b) and c)).

We continue with the induction step.
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e Let C' = C1MCy. For a) (c)), the induction hypothesis directly yields the equiva-

lence between e € C{ NCy" and e € CT N CE (e € C,le N CQIj)-

We consider b). (=) By the induction hypothesis e € (Cy I C3)7¢ implies that
there are sets By, By C Nrc(O) such that e € ([B1N[]B2)%, O =[1]B; C Cy,
and O =[] Bz C Cy. But then it also holds that O =[]B:M[ B2 C C1MCy, and
thus e € (C1 M Ca)% because Z; = O. (<) Ife € ([B)% and O =B C C1MCy
for some B C Ngrc(O), then we also have O = [|B C C; and O = [|B C Cs.
Together with the induction hypothesis, this leads to e € (Cy M Cy)7.

Let C = 3R.C;. Regarding a), the definition of R yields that, for a given tuple
(e,d) € R, we have d € AZi. For such an element, the induction hypotheses
implies that d € Cij ¢ is equivalent to d € ClL'. Lemma 5.10 additionally yields
that (e,d) € R7 is equivalent to (e,d) € R%. The claim thus holds.

Similarly, regarding c), the definition of R yields that, for a tuple (e,d) € R,
we have d € AL and, especially, Wo(d) # 0. On the other hand, for a tuple
(e,d) € R% where e € AL and Wp(e) # 0, Definitions 2.10 and 5.4 together
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imply that also d € AL and Wo(d) # (). For both directions, we thus can focus
on this type of successor and apply the induction hypotheses, which yields that
d € CY" is equivalent to d € Clzj. Moreover, Wo(d) # () implies that (e,d) € R
is equivalent to (e,d) € R%. The claim thus also holds.

We consider b). (=) Since i # j, e € (R.C1)7 by the definition of R implies
that there is an element uJQ'RD € C{i N AL such that either e = u{) ore=p
and e € AL and W@(UZ,RD) # (). We can thus apply the induction hypotheses
to obtain UZ)RD € C’lzj, and Lemma 2.15 then yields that O = D T C;. Since
Wo(e) = ), Definition 5.4 additionally yields that there is a set B C Nrc(O) such

that e € ([1B)% and O =[]B C 3R.D, and thus O |=[|B C IR.Cy.

(«<=) If there is a set B C Nrc(O) such that e € ([1B)% and O |=[B C IR.Cy,
then Definition 2.10 implies that there is an element u{,RCl € AL such that
(e,ulpe,) € R and again either ¢ = u) or ¢ = g and e € AL, Defini-
tion 5.4 additionally yields that W@(ué rc,) 7 0. Thus, the definition of J; yields
(e,uZ,RCI) e R7:. O

We finally show that J; is in fact as intended.
Lemma 5.12 For alli € [1,k], J; is a model of O.

Proof. Consider a GCI C C D € O and an element e € C% N A%, According to
Lemma 5.11, there are two options: (i) If a) or ¢) applies, then we have e € C%i. (ii)
Otherwise, there is a set B C Nrc(O) such that e € ([]B)% and O = []B C C. For
both options, we then obtain e € D% since C C D € O and Z; = O. This leads to
e € DY, again by Lemma 5.11. O

The next lemma provides the missing piece to our proof that W is r-satisfiable (see
Definition 3.12) and shows that, for all i € [1,k|, the interpretations J; satisfy the
corresponding conjunction y; of CQ literals. Regarding the positive literals, the proof is
easy given that the ABox Ag, contains an instantiation of all these CQs, Ag, is satisfied
by Z;, and that J; strongly depends on Z;. The proof for the negative literals —y is based
on the interpretation of roles in J;. In J;, domain elements of different interpretations Z;
and Z; with j, ¢ € [1, k] are related sparsely (i.e., at least one of two such elements must
be a named individual). Given that we assume CQs to be connected, we specifically have
that, if J; satisfies ¢, one must apply: either the corresponding homomorphism includes
only domain elements of Z; and ¢ is satisfied in Z;, or it contains no domain element of
Z; (i.e., it especially contains no named individual), only elements of a single Z; with
J € [1,k], and a witness of ¢ is satisfied in Z;. Based on the assumed r-completeness of
(AR, QRr), we therefore can show that J; = —¢ by contradiction.

Lemma 5.13 For all i € [1,k], J; is a model of x;.
Proof. We show that 7; is a model of every CQ literal in y;. Let ¢ first be a positive

such literal. Since Ag, contains an instantiation of ¢ and Z; = Ag, by Condition (C1)
and Fact 5.82, we know that there is a homomorphism 7 of ¢ into Z; that maps all

2Note that, in the remaining parts of the proof, we do not always explicitly refer to Fact 5.8 to justify
the argument that Z; = Kk.
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variables in ¢ to elements of AZi; that is, m maps each such variable z to a,. By the
fact that AZi C A, since such elements do not have witnesses, and by Lemmas 5.10
and 5.11a) and b), 7 then is also a homomorphism of ¢ into J;.

Let now —¢ be a negative literal in x;. We proceed by contradiction and assume
to be a homomorphism of ¢ into J;. In particular, we can then assume that there is a
single index j € [1, k] such that 7 maps all terms of ¢ to elements of A%i. To see this,
note that ¢ is connected and that, for a role R € N, a tuple (d,e) € R exists only if
the elements belong to the same domain A% by the definition of R and Fact 5.9.

If 7 maps all terms to elements of A%, then Lemmas 5.10 and 5.11 yield that 7 is
also a homomorphism of ¢ into Z;. This contradicts the fact that Z; = —¢. The latter
holds by Lemma 2.13 because the given r-complete tuple satisfies Condition (C2), which
yields Kk = ¢ and hence [K&]T [~ ¢; recall that [KCk]T is the KB for which Z; is the
canonical interpretation.

Otherwise, we have j # i and, given that N;(®) C A%, can assume 7 to map at least
one term to an element of A% \ Nj(®). We can make two further observations about ¢,
due to the assumption that it is connected and the interpretation of roles in 7;, which
yields that elements from AZi\N;(®) can only be related to unnamed elements. First, no
term of ¢ can be mapped to an element of Nj(®), which means that ¢ does not contain
individual names (see Definition 2.7). Second, for all role atoms R(y, z) € ¢, we have
Wo(m(2)) # 0 and either (i) 7(y) € AL U AL and Wo(rn(y)) = 0 or (ii) 7(y) € AL
and Wo(7(y)) # 0. Hence, there is at most one variable in ¢ which 7 maps to an
element e such that Wp(e) = (). Thus, ¢ contains only role connections starting from
this variable, and role connections between two variables (mapped by 7 to elements
having witnesses) exist only via a single role and in one direction. This means that ¢ is
tree-shaped.

We now show that there is a witness B of ¢ w.r.t. O such that ([]B)% is not empty.
Let x be the root variable of ¢. Then, Definition 5.3 and our assumption that 7 is a
homomorphism of ¢ into J;, yield that 7(z) € Con(yp)7:.

o If Wo(r(z)) = 0, then Lemma 5.11 yields that there is a witness B of Con(y)
w.r.t. O such that 7(z) € ([]B)% which is also a witness of ¢ by Definition 5.4.3

u

that (x) € Con(¢)%. From Lemma 2.15, we then get that O = C C Con(yp).
Thus, Definition 5.4 implies that the witness of u) o, which is instantiated in Z;,
is also a witness of Con(y) and hence of ¢.

o If Wo(m(x)) # 0, then m(x) is of the form ulpc € AL and Lemma 5.11 yields

However, by Condition (C4) we know that ¢ € Qg. Hence, by Condition (C3), we have
(K& B J2.B(z), and thus Z; = —32.B(x) by Lemma 2.13. This contradicts the fact
that ([]B)% is not empty. O

This finishes the proof of Lemma 5.7.

3Recall that we assume that Con(y) occurs in O.
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5.2 Combined Complexity

In this section, we establish the combined complexity of TCQ entailment, based on
procedures that solve the satisfiability problem as outlined in Section 3.3. The results
of the previous section reveal that the amount of information critical for testing the DL
part of that problem is polynomial (in the size of ®) if rigid role names are not considered.
This allows us to integrate the LTL with the DL test in a nondeterministic algorithm
using only polynomial space, based upon Algorithm 3.1. Regarding the remaining case
with rigid role names, we however illustrate subsequently that the LTL and DL features
may interact in a way that requires reasoning to consider an exponential amount of
information. Specifically, we prove that entailment is cO-NEXPTIME-complete.

5.2.1 With(out) Rigid Concept Names

In this section, we show that TCQ entailment is in PSPACE w.r.t. combined complexity,
which matches the hardness given by satisfiability in LTL. The key insight given by the
previous section refers to the DL part of the TCQ satisfiability problem: the exponen-
tially large set W does not have to be stored for testing the conditions characterizing
its r-satisfiability if rigid roles are not present. This observation allows us to specify a
nondeterministic procedure for deciding satisfiability—and thus also entailment—that
only uses space of size polynomial in the input. The idea is described in Algorithm 3.1:
we first guess an ABox type Agr and a set Qg C Qg and then test the satisfiability of the
LTL formula ®P?* as it is done in Algorithm 2.1, but ensure additionally that the guessed
worlds satisfy the conditions characterizing r-satisfiability. This approach is in line with
Lemma 3.13; specifically, it integrates the r-satisfiability with the t-satisfiability test.
Recall that we can disregard ¢ since its construction is trivial (i.e., we can use the first
guessed world W; € W and define +(0) = 7).

In our algorithm, we refer to the functions KBCONSISTENT and CQNOTENTAILED that
decide knowledge base consistency and CQ non-entailment, respectively. We can assume
KBCONSISTENT to run in polynomial time in the size of both the input KB [Bra04,
Thm. 5] and the nondeterministic algorithm CQNOTENTAILED to run in polynomial time
in the size of the input KB and given query [Ros07, Thm. 2]. Furthermore, we consider
an enumerator WITNESSENUM which, given a CQ ¢ and an ontology O, enumerates all
witnesses for ¢ w.r.t. O (see Definition 5.4) as follows:*

e Construct a graph containing a node for each concept in S(O), and an edge labeled
by a role R from C to D iff O = C C 3R.D.

e Mark all nodes C' = Con(p) with ¢ € Qg; recall that we assume all those concepts
to be contained in O.

e Enumerate all B C Nrc(O) and return those for which there are a role R and con-
cept C such that O =[]B C 3R.C from which a marked concept D is reachable.

It is easy to see that this approach is both sound and complete. The graph can be
constructed by quadratically many P-tests [Bra04, Thm. 5], the marking can be done in

“This idea is also implicitly used in the form of the reachability relation ~» in [BBL05; KKS12].
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polynomial time (see Definition 5.3), and the subsequent reachability test only requires
polynomial space. The latter is due to the facts that there are polynomially many
possibilities for the concept IR.C', which can be enumerated, in the last item and that
the reachability problem is in NLOGSPACE (e.g., see [AB09, p. 74]).

Based on the above procedures, we define our algorithm as follows.

Definition 5.14 Given a TCQ ® and TKB K = (O, ()) satisfiability of ® w.r.t. K can
be decided by running Algorithm 3.1:

e GUESSDATA: It guesses and returns a tuple (Ag, Qg) consisting of an ABox type Ar
for O and a set Qg C Os.

e TESTRSAT: Given ®,0, A4;,d (i.e., the tuple guessed), i,s,p, and W, it defines
Agw = {¢j | p; € W} and Kg = (O, Ar U Ag,,), and returns true iff the
following conditions are satisfied:

(C1) Check if KBCONSISTENT(KR) returns true.
(C2) For each p; € W: Check if CQNOTENTAILED(¢p;, [Kg]™) returns true.

(C3) For each tree-shaped CQ ¢ € Qg and B in WITNESSENUM(¢p, O):
Check if CQNOTENTAILED(3z.B(z), Kg) returns true.

(C4) For each p; € W: Check if p; € QR. O

Observe that we have n = 0, so that our additional requirement that s > n in Al-
gorithm 3.1 does not have any effects, compared to Algorithm 2.1. The next lemma
summarizes the goal of our extensions.

Lemma 5.15 The nondeterministic algorithm described in Definition 5.1/ decides TCQ
satisfiability in EL w.r.t. a TKB (O,0) and uses only polynomial space (in the size of
all the input) if Nrg = 0.

Proof. For proving correctness, we consider the conditions in Lemma 3.13.

e Let the set W be defined as the set of all worlds W encountered during a run of
the procedure. The mapping ¢ and the conditions referring to it can be ignored
by Fact 3.15.

e Regarding t-satisfiability (see Definition 3.11), it is easy to see that the above
definition of W fulfills the first condition. Since Algorithm 2.1 is correct by
Lemma 2.21, we run it with ®P* as input, and our extensions neither change
this algorithm nor do they ever return true on their own (i.e., independently of
Algorithm 2.1), it is sound w.r.t. the second condition as well; and it is complete
if our extensions never return false if an r-satisfiable set W exists.

e [t thus remains to show that W is r-satisfiable iff the extensions do not return
false on their own. By Lemma 5.7, we can consider Conditions (C1)—(C4) from
Definition 5.6. For most of the cases, it is easy to see that the checks in Defini-
tion 5.14 are equivalent to the conditions. We only consider the second test in
more detail since it does not directly correspond to Condition (C2). However, we
can show that Kg & ¢, iff [Cr]T = ¢j: (<) Given [Kg|T £ ¢;, Lemma 2.13 leads
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to Ty + # vy and Fact 5.8 to [Kg] £ ¢;. (=) Every model of Ky is also a model
of [Kg]™, especially the one that does not satisfy ¢;. Hence, it suffices to check
the non-entailment [Kg]™ F~ ¢;.

We analyze the complexity. The nondeterministic guessing of the polynomially large
sets Ar and QR can be clearly done using only polynomial space. Regarding the parts of
Algorithm 2.1, we refer to Lemma 2.21. Given the observation that we only adapt that
algorithm w.r.t. the r-satisfiability testing, it only remains to consider the corresponding
tests. The above descriptions of the applied subprocedures show that running all of
them requires only polynomial space w.r.t. combined complexity; we apply them only
for inputs of size polynomial in ® and K. Since all other checks described for testing the
conditions can be done in polynomial time, our nondeterministic algorithm altogether
uses only polynomial space. ]

We thus can conclude this section with a positive result, which holds w.r.t. arbitrary
TKBs by Lemma 3.7 and in the presence of rigid concept names. Further, note that
the nondeterminism is not relevant regarding PSPACE complexity according to the well-
known result of Savitch [Sav70, Thm. 1].

Corollary 5.16 TCQ entailment in EL is in PSPACE regarding combined complexity
if Nkr = 0, even if Nrc # 0.

Altogether, we have shown that important and powerful features of LTL, (i) the pos-
sibility to discern exponentially many different time points and (ii) the nondeterminism
provided by operators such as disjunction or negation, do not interact with the ££ on-
tology in a way that is critical for the combined complexity of TCQ entailment, even
if rigid concept names are considered. As it is the case for LTL, reasoning can still be
done with a PSPACE Turing machine.

5.2.2 With Rigid Role Names

In this section, we show that rigid role names may cause dangerous interactions between
the LTL and the £L£ part that cannot be captured by PSPACE Turing machines any more:
the LTL features can discern exponentially many time points and nondeterministically
choose specific assertions at each of them, and the £L part can correspondingly discern
exponentially many (rigid) concepts instantiated by different individuals that are related
invariant to time. For that reason, the LTL choices can be transferred selectively (i.e.,
addressing only some of the individuals) along these relations via the ontology and
“saved” at those individuals—again via rigid names. We in the following show that
such complex interactions lead to NEXPTIME-hardness of TCQ satisfiability; the proof
is similar to the one for £L-LTL for the case with rigid concept names in Section 4.8.
The corresponding containment result directly follows from Lemmas 3.17 and 5.1.

Corollary 5.17 TCQ entailment in EL is in CO-NEXPTIME in combined complexity,
even if Nrr # 0.

We prove co-NEXPTIME-hardness of entailment in the presence of rigid role names
by reducing the 2" !-bounded domino problem to TCQ satisfiability. The idea is based
on the features outlined above. The exponentially many different time points, each
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associated with a specific rigid concept and individual instantiating it, represent the po-
sitions in the plane of the domino. We ensure that these individuals are, by a rigid role
R, related to a common successor, a named individual used for synchronization. To tile
the plane, we represent the domino types as flexible concepts and enforce the named
individual to always satisfy one of them, by nondeterministically choosing the corre-
sponding assertion. The ontology is used to transfer that choice to the R-predecessor
that represents the position corresponding to the current time point and to save it at
that individual via a rigid concept. In this way, we ensure that all positions and the
chosen types are instantiated in every world, which allows us to enforce the matching
conditions.

The basic idea of the reduction is thus the same as in the NEXPTIME-hardness proof
for satisfiability in £L£-LTL regarding rigid concept names; note that the latter, in turn,
is based on a reduction in [BGL12]. In those proofs, the synchronization of the domain
individuals with the named individual is achieved via local GCIs and disjunction in the
GCls, respectively, allowed in the respective context. In contrast, we here need the rigid
role to synchronize (a large enough subset of) the domain individuals with the named
individual, which is done by using the latter as a common role successor of the former.
Note that we cannot simply used global GClIs of the form T C ... instead since, then,
all individuals would have to always satisfy all domino types.

Theorem 5.18 TCQ entailment in EL is CO-NEXPTIME-hard in combined complexity
if Nrr # 0.

Proof. For the proof, we reduce the 2""!'-bounded domino problem, for a domino
system D with initial condition I, to checking the satisfiability of a TCQ ®p ; w.r.t. an
EL TKB (Op 1, 0), both containing rigid role names. Since the reduction of the domino
system is very similar to the above mentioned reduction to satisfiability in E£-LTL (see
Theorem 4.8), we only point out the differences to that proof. In particular, we here
apply exactly the same symbols and consider only one rigid role R in addition.

The rigid role is necessary here to transfer specific flexible concepts that are chosen
nondeterministically through assertions on a named individual a to the entire domain;
we cannot use local GCIs as allowed in £L-LTL. However, as outlined above, it is
actually enough to transfer the concepts to all R-predecessors of a if we require them
to correspondingly represent the domino plane; in the proof for ££-LTL, the plane is
represented by arbitrary elements. In particular, the (flexible) global® concepts, whose
interpretation is either empty or T and which are applied for synchronization in the
other proof, have a slightly different interpretation here: their value is shared by a and
all its R-predecessors.

Observe that we focus on the first part of the reduction and thus on an ££,-LTL
formula; recall that L is only eliminated in the very last step of the proof. We next
regard all conjuncts of the target formula created in the proof for ££-LTL (i.e., these
conjuncts are £L | -LTL formulas) and in the following specify corresponding conjuncts
(i.e., TCQs) and GClIs, such that ®p 1 consists of a conjunction of these TCQs and Op 1
of the GCls:

5Not to be confused with rigid or always (in time).
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5.3

All global GClIs (i.e., conjuncts that are GCIs prefixed by Or) that do not contain
L can be directly considered as GCIs in Op ;.

All ££,-LTL formulas that contain no GCIs (and hence are £L£ assertions com-
bined by LTL operators) can be directly considered as TCQs and conjuncts of ®p ;.

To represent the exponentially many positions, an auxiliary concept N € Nc¢ is
required to be instantiated by an R-predecessor of a in every world:

O3z.R(z,a) A N(z).

To express that a concept C is global (e.g., the three counters and their comple-
ments), which means that it is shared by a and all its R-predecessors, we can use
an £L GCI: dR.C C C. However, different from the other proof, where concepts C
and their complements C are modeled using mutually exclusive assertions on a,
and globality of the two concepts then automatically means that no element sat-
isfies both of these concepts, we here have to explicitly require the latter for all
the predecessors, because globality “only” expresses the transfer of concepts from
a to its R-predecessors:
=32.C(z) A C(z).

The fact that every world is associated to exactly one global domino type Gt € N¢,
which represents the chosen domino type ¢ for the position the (current) world
corresponds to, can be expressed similarly to the global concepts by considering
the GCI dR.Gy E G} for all t € T and the following TCQ:

O \/ (Gt(a) A /\ ﬂEI:E.Gt/(:E)>

teT t'eT\{t}

where T is the set of domino types in D. The choices for the dominos of the
neighbor positions can be modeled analogously.

The polynomial size of the TCQ ®p ; and ontology Op r then directly follows from
the size of the £L | -LTL formula in the other reduction and the described modifications.
The correctness of the reduction can readily be checked similarly. ]

Data Complexity

Regarding data complexity, we show that TCQ entailment in £L£ is in P—the best
result possible since CQ entailment is P-hard [Cal+06, Thm. 7]—if rigid symbols are
not considered. Subsequently, we however show that the possibility of having assertions
in arbitrary ABoxes in the TKB (and a fixed TCQ) leads to co-NP-hardness in the
presence of rigid names. Nevertheless, containment in CO-NP is given also for the case
with rigid role names, which is shown at the end of the section.
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5.3.1 Without Rigid Names

Also w.r.t. data complexity, deciding satisfiability and entailment is special if rigid
symbols are disregarded, because the knowledge (to be) considered w.r.t. different time
points is independent of each other. Regarding Lemma 3.13, observe that all possible sets
W, which are independent of the data, can be enumerated in time constant in the data.
While the exponential number of possible mappings ¢« however represents an obstacle,
at first glance, both the t-satisfiability and the r-satisfiability test themselves are not
complex. The idea is therefore to integrate all the mappings that pass the r-satisfiability
test while testing (i.e., without constructing them one after the other) and to consider
this integrated representation, which is of polynomial size, in the t-satisfiability test.
Altogether, this can be done in polynomial time in the data.

Theorem 5.19 TCQ entailment in EL is in P in data complexity if Nrc = Ngrg = 0.

Proof. We follow the basic approach of Lemma 3.13 and regard the satisfiability prob-
lem.

e To check the r-satisfiability of a set W = {Wy,... , Wy} C o{p1Pm} a5 proposed
in Lemma 3.14, it suffices to check satisfiability of the conjunctions XEZ) with
i€ 1k wrt. (0,00 (T wrt. (Oppie, Ai), where i € [0,n]) individually

(%)
by Lemma 3.16, since the conjunctions y; do not share concept or role names.
In particular, we can then define W as the set of all sets W; with ¢ € [1, k] for
which x; is satisfiable w.r.t. ©. This can be done in constant time w.r.t. the size
of the input ABoxes.

The mapping ¢ cannot be constructed in polynomial time, and neither be obtained
by (nondeterministically) guessing one possible ¢ or enumerating the exponentially
many possible mappings. For that reason, we first check for each W; € ¥V and
input ABox A; whether y; is satisfiable w.r.t. (O, A;). We collect all indices j
that pass this test into the set ¢/(i). In this way, we obtain all possible worlds,
for each of the input ABoxes. Each of the conjunctions x; is of constant size and
the number |W)| of conjunctions to be considered per ABox is also constant. By
Lemma 5.1, these tests can thus be done in polynomial time in the size of the
input ABoxes. Each set /(i) is of constant size.

Note that r-satisfiability is thus given by the definition of YW and ¢/, which means
that such sets with |W| > 1 and |//(i)| > 1 for all i € [0, n] exist.

e Lastly, t-satisfiability (see Definition 3.11) can be decided by an automaton sim-
ilar to the one described in the proof of [BBL15b, Lem. 4.12] in P w.r.t. data
complexity. Since W is defined to be maximal above, we can also use it for testing
t-satisfiability. To be able to apply /(i) (i.e., instead of only a single possible
mapping ¢), we adapt the condition “w; = W,(;)” in Definition 3.11 to “w; = W;
for some j € //(7)”. The result remains valid since the automaton used in the proof
of that result in [BBL15b] can be adapted to check whether the first n + 1 en-
countered worlds fall into the pre-specified sets of (constantly many) worlds ¢/(4),
instead of equality with a single pre-specified world (7).
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This approach is sound since, if both the above polynomial-time tests succeed, then we
can simply choose one  among the many possible identified by ¢’ to fulfill the conditions
of Lemma 3.13. And it is complete since the existence of some W and ¢ implies that
the above defined set W is not empty and that we have ¢(i) € /(i) for every i € [0, n].
Hence, all the above tests succeed. This proves that our deterministic definitions of
the maximal possible YW and ¢/ suffice to satisfy Lemma 3.13, which means that we can
decide TCQ satisfiability (and entailment) in P. O

5.3.2 With Rigid Names

If rigid symbols are considered, then assertions occurring in arbitrary ABoxes may
constrain the satisfaction of CQs from ® in models of the ontology, by implying rigid
knowledge. We show that, although both the TCQ and the ontology are fixed regarding
data complexity, this nondeterminism has to be taken into account on LTL level (e.g., an
approach as in the previous section, where the mapping ¢/ is defined separately for each
time point, does not work any more) and leads to cO-NP-hardness of TCQ entailment.
The corresponding containment result directly follows from Lemmas 3.17 and 5.1. That
is, the possibility of nondeterministic guessing allows to decide satisfiability in polyno-
mial time w.r.t. data complexity, even in the presence of rigid symbols in general. This
is mainly due to the fact that the TCQ is considered as fixed, which means that the
generally exponentially many possible worlds on the LTL level are not critical for time
complexity.

Corollary 5.20 TCQ entailment in EL is in CO-NP w.r.t. data complexity, even if
Nrr # 0.

We prove co-NP-hardness of entailment in the presence of rigid concept names by
reducing the 3-SAT problem to TCQ satisfiability. Specifically, we consider one named
individual ¢ and one named individual for the positive and, respectively, negative form
of each variable. The idea is to describe each clause in three consecutive ABoxes, one
for each literal, in each of which the corresponding individual is related to ¢ via a role
S. The TCQ is used to enforce c to satisfy a concept T at one of these three time
points—intuitively, the corresponding literal is selected to be true—and the ontology to
“save” this selection using the GCI 45.T C A at the individual representing the literal
via a rigid concept name A—representing the variable assignment. In the TCQ we then
additionally ensure that the two individuals representing a variable and its negation,
respectively, never satisfy A at the same time. An example is illustrated in Figure 5.1.

Theorem 5.21 TCQ entailment in EL is CO-NP-hard in data complezity if Nrc # 0,
even if Nrr = 0.

Proof. We show NP-hardness of TCQ satisfiability by reduction of the 3-SAT problem,
which is known to be NP-complete [Kar72, Main Thm.]. We assume a propositional
3-CNF formula

o= N li1ViaVigs
0<i<t
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Figure 5.1: The content of the ABoxes encoding a 3-CNF formula (1 Vx3V —z4) A...;
names in gray describe a possible extension to a model of ® w.r.t. KCy.

with ¢ > 1 to be given, x1, ...,z to be all the propositional variables occurring in ¢,
Lit, to be the set of all literals over these variables, and -l to denote the complement
of a literal [.

We construct a TCQ @ and a TKB K, = (O, (A )o<t<3e) such that ¢ is satisfiable
iff ® is satisfiable w.r.t. K. For that, we use the following symbols:

e an auxiliary individual name ¢ to represent the clauses,
e individual names q; for all literals | € Lit,,

e a rigid concept name A to represent a truth value assignment by marking true
literals,

a flexible concept name C' to signal at ¢ the beginning of the encoding of clause %,

a flexible concept name T to identify which literal of a clause is satisfied,
e a role name S to relate a clause with its literals,

e a role name R to link each a; to a—; to ensure that the truth assignment is consis-
tent.

We use three ABoxes to model each clause of ¢: one to represent the beginning of
the encoding of a new clause and the first literal, and the following two for the other
literals. The ABoxes A{ with ¢ € [0,3¢ — 1] are defined as follows, for all i € [0,£ — 1]
and j € [1,3]:
Agz = {C(C)})
‘Agi—i-j—l = {R(ali,j ) a_‘li,j)7 S(a’li,j ) C)}
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Note that the size of all ABoxes Af together is linear in the size of ¢, in line with the
data complexity assumptions. Also in accordance with the latter, ® and O are defined
independently of the concrete input problem ¢:

P = D((C(C) — (T(c) VOFT(c) VOFr OF T(c)))
A =3z, y.R(x,y) A A(x) A A(?J))a
O :={35TC A}

The TCQ @ requires that, whenever C(c) is satisfied, then this world or one of the
two consecutive ones does satisfy T'(c). Intuitively, this represents a truth assignment
for the literal [ associated with that moment, and the ontology is used to save that
assignment at the individual a; via A, such that every world satisfies A(a;). Additionally,
® ensures that individuals linked by R cannot both satisfy the rigid concept name A at
the same time. Note that our reduction requires several features: quantified existential
restriction, a rigid concept, and the Boolean negation and the temporal operators in the
TCQ. In what follows, we show that there is an assignment v: {z1,...,2,} — {0,1}
that satisfies o iff ® is satisfiable w.r.t. ICy.

(=) Let v be such an assignment. We define the model J = (Z;)¢>0 of ® w.r.t. K, with
domain A := {c,az,,...,0z,,,0-2,,..,0-y, }, where all individual names occuring in
the ABoxes are interpreted as themselves as follows:

AT = {a; |1 € Lit, v(l) = 1},

TH ={c|0<i<l 1<j<3, t=3i+j—1, v(l;) =1},
CT = {d|t <3t C(d) e A"},

R .= {(d,e) | t < 3¢, R(d,e) € AT},

ST .= {(d,e) | t < 3¢, S(d,e) € AT}.

We obviously have Z; = A7 for all 0 < ¢t < 3. Consider now the only GCI3S.T C A € O.
By the definition of S%t based on the ABox Af, the left-hand side concept can only be
satisfied by an individual of the form a;. If a; € (3S.T)%, then we have [ = l; ; for
t =i+3j —1and c € T? by the definition of T7t; and also v(l) = 1. But then we also
have a; € ATt which shows that J is a model of K.

Since v satisfies each clause of ¢, it is clear that J satisfies the following implication
at every time point by its definition, given the ABox definitions based on ¢:

C(c) = (T(c) vV OFT(c) V OF OF T(c)).

Moreover, whenever (d, e) € RZt | then we must have d = a; and e = a_; for some [ € Lit.
By the definition of A%t, we then cannot have both d € A’ and e € A%*. This shows
that J satisfies the entire TCQ ®.

(<) Let 3 = (Z;)s>0 be a model of ® w.r.t. K, that interprets all individual names
as themselves. We define v(z,) := 1 if a,, € AT, and v(x) := 0 otherwise.

Consider now an arbitrary clause l;1 V1; 2 V1; 3 of . Since C(c) € A%, J |= @ implies
that there is an index j € [1,3] such that ¢ € T%+i-1, By the definition of A5 i
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5 Temporal Query Entailment in EL

we also have (ay, ;,c) € STsi+i-1 and thus a ; € ABsiti-1 = AT follows from the GCI
35.T C A.

If I; j is a variable, then we directly get v(l; ;) = 1 by the definition of v, which shows
that the clause is satisfied by v. Otherwise, we have [; ; = -, for some k € [1,m]. By
the definition of A%, |, we know that (as,,a-z,) € RTsi+i-1. Since J satisfies ® and
-y, € AT, it cannot be the case that a,, € AZ0. This means that v(z)) = 0, and thus
we also get v(l; ;) = 1. O

We have thus completely classified TCQ entailment in £L£ regarding different set-
tings with rigid symbols. In summary, we have shown that the main features of £L,
conjunction and qualified existential restriction, do not lead to critical interaction with
LTL if rigid symbols are disregarded. Otherwise, this only holds for the case with rigid
concept names under combined complexity assumptions. ££ TKBs and LTL in queries
can thus, respectively, be used with LTL satisfiability checking and CQ answering in
EL “for free”, if the focus is on data complexity. Regarding the latter, we have further
proven CO-NP-completeness if rigid symbols are included and thus that tractability
is lost. Rigid roles lead also to a considerable increase in combined complexity, to
co-NExpPTIME-completeness. As we show in the next chapter, which focuses on other
Horn DLs, both these critical increases are due to the qualified existential restriction

of EL.

90



6 Temporal Query Entailment in DL-Lite}*

In this chapter, we regard a Boolean TCQ ® and a TKB K = (O, (A;)o<i<pn) in
DL-Lite]!,,, and investigate the combined and data complexity of the TCQ entail-
ment problem. We specifically show that the former equals that of satisfiability in
LTL and that the latter—ALOGTIME-completeness—only slightly increases compared
to the baseline, the data complexity of CQ answering, which is in AC°. In particular,
these results are tight for all logics between DL-Litecor. and DL-Lite]l . . even if rigid
symbols are considered. Note that the complexities and the fact that they do not de-
pend on the kind of rigid symbols considered are different from what we have shown for
EL in Chapter 5. Although we here use ideas similarly applied in the previous chapter,
the general consideration of rigid symbols, the features allowed in DL-Lite, and the
complexities we target require us to considerably extend these approaches.

The main expressive features of DL-Lite]! . are inverse roles, conjunction, and role
inclusions (see the examples in Section 1.2). Different from €L, DL-Lite ontologies only
allow for unqualified existential restrictions. This often makes reasoning less complex,
especially w.r.t. data complexity—as it is reflected in our results. Nevertheless, qualified
existential restrictions as FJHasState.Switched0ff on the right-hand side of Cls can be
simulated by using a concept FHasOffState! instead and axioms as follows:

Has0ffState C HasState
JHas0ffState L SwitchedOff

Also in this chapter, our results are obtained by investigating procedures based on
Lemma 3.13 solving TCQ satisfiability and focusing on satisfiability problems in LTL
and DLs. The challenge thereby is to construct a corresponding set W of LTL worlds
and mapping ¢ within specific time and space constraints. Recall that, regarding the
sublinear data complexity we target here, not only the size of this exponentially large
set but also the linear size of the mapping represents an obstacle.

In Section 6.1, we first propose a new characterization of r-satisfiability—the DL part
of the TCQ satisfiability problem—in the presence of rigid names that is tailored to
TCQs and DL-Lite}l . and, different from existing characterizations (see Section 3.2),
does not consider the set as W a whole. We then apply this approach in Section 6.2
on combined complexity for obtaining the PSPACE result. Subsequently, we refine it in
Section 6.3 in a way that allows for defining FO rewritings of r-satisfiability. Based on
those, the data complexity result is obtained in Section 6.4.

Throughout the chapter, we use the notation of Section 3.2. For ease of presenta-
tion, we furthermore allow basic concepts to occur in ABoxes in TKBs, without loss of
generality.

'Recall that unqualified existential restrictions in DL-Lite are usually given in this form, which is
equivalent to FJHas0ffState.T.
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6.1 Characterizing r-Satisfiablility

In this section, we propose a new characterization of r-satisfiability for a set W as in
Lemma 3.13 which is tailored to the context of DL-Lite]!, ... As outlined in Section 3.3,
the idea is to specify a polynomial amount of additional data that allows us to split
the test proposed in Definition 3.12 into separate and independent consistency tests—of
low complexity—focusing on single elements of W, which may take this data into ac-
count. Given in this form, the additional data can then be guessed in a nondeterministic
procedure deciding r-satisfiability.

Note that both the goal and basic approach are similar in the characterizations we
developed for £L in Sections 4.4.2 and 5.1. But there are two main differences, especially
to the latter one, which also targets TCQ entailment. Regarding DL-Litelt ... we also
consider rigid roles, which requires us to considerably extend the additional data and
conditions to be tested. Second, we apply the characterization also for investigating
data complexity and hence cannot simplify the problem by neglecting the ABoxes in
the TKB.?

In addition to the set W C 2{P1-Pm} that consists of worlds Wi, ..., Wi, we regard
a mapping ¢: [0,n] — [1,k]. Observe that, for now, we assume both to be given. We
however never consider WV as a whole, but regard its elements W1, ..., W} independently
of each other.

In what follows, we first introduce notions to describe the additional data and to
specify the conditions, then present the characterization itself, and lastly prove its cor-
rectness.

6.1.1 ABox Types, Consequences, and Witness Queries

As described in Section 3.3, the goal of including the additional data is to simulate the
effects of the shared domain of the exponentially many interpretations in Definition 3.12
(Functions (F1) and (F2)) so that we can focus on single interpretations.

Regarding Function (F1), our tests use an ABox type for DL-Lite, a set of (negated)
assertions that is to be satisfied by all of the interpretations.

Definition 6.1 (ABox Type) An ABozx type for K is a set

Ar C {B(a),—~B(a) | a € N\(K), B € Br(O)} U
{R(a,b),~R(a,b) | a,b € N|(K), R € Ngg(O)}

with the property that a € Ag iff ~a ¢ Ag. $

Note that this definition extends Definition 5.2, specifying the notion for TCQs and £L,
by additionally considering the individuals in the ABoxes and rigid roles.

2According to Lemma 3.7, the data given in the ABoxes can be encoded into the TCQ, and the
ABoxes can then be considered to be empty. This approach does however not suit data complexity
investigations since the TCQ then cannot be assumed to be independent of the data any more. That
is, if something has to be decided w.r.t. the query (e.g., for the contained CQs) in order to answer
it, then data complexity cannot be considered, but the usually higher combined complexity has to
be applied instead.
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Regarding Function (F2), first observe that the satisfiability of CQs occurring only
in positive literals in the conjunctions x; with i € [1, k] cannot be contradicted by some
interpretation—we focus on all J; and Z; with j # i—if both the model J; of the CQ
and the other interpretation satisfy a common ABox type and the ontology O. Since
this is ensured in our tests, it remains to consider the negative CQ literals. It is easy
to see that, if rigid roles are left apart, the satisfiability of such literals can only be
contradicted (based on rigid symbols) by an interpretation satisfying O and a common
ABox type through single domain elements, because we assume the CQs to be connected;
note that this is the same w.r.t. ££, where we disregard rigid roles entirely. Regarding
rigid roles, we additionally have to consider structures formed by related individuals in
a specific interpretation if they are invariant to time. In particular, we have to consider
those that exist because we require the interpretations J1,..., Jx, Zo,. .., L, to satisfy
certain ABox assertions and CQs contained in ®. Since ABox types capture the rigid
structures formed by the former, it remains to regard the CQs satisfied by some of the
interpretations. Targeting such CQs, we define the consequences of a CQ, a set of (also
negated) assertions which we then require to be satisfied by all of the interpretations.

In the following, for a CQ or set of CQs @, Ag denotes the ABox obtained from @
by instantiating all variables = in the CQs with fresh individual names of the form a,,.

Definition 6.2 (Consequences) The set Co(y) of consequences of a CQ ¢ is defined

Co(p) == {C(a) | C € BR(O), a € Ni(Ay), O [ |B(Apa) ECHU
{R(a,b) | R € Ngg(O), S(a,b) € A,, O =S LC R};
where B(A,a) := {A € Nc | A(a) € A} U{3IR| R € N, R(a,b) € A} &

Note that we cannot exactly capture (this part of) the shared domain by simply re-
quiring such assertions to be satisfied by all interpretations [Ji,...,J%, Zo, - .-, ZLy; in
particular, we cannot enforce the latter to instantiate the structures with the same kind
of individuals (i.e., w.r.t. the new individual names a,), where “kind” refers to the con-
cepts and roles the individual instantiates. Nevertheless, in the context of DL-Litelt
the ontology cannot express meaningful information regarding role successors either,
since the logic does not allow to express qualified existential restriction. This means
that the kind of related individuals cannot be a reason for contradictions caused by the
ontology. And we later show that, if information on some J; or Z; is relevant to test
the satisfiability of a conjunction x; with ¢ € [1, k], then it suffices to know about the
existence of such rigid structures. This specifically means that TCQs and TKBs can
enforce relations between structures existing at different time points only via named
individuals (e.g., by requiring certain assertions or CQs to be satisfied).

The notion of consequences allows us to describe the time-invariant effects of satisfied
CQs, but captures only extracts of the domain. The named individuals are covered
already via ABox types and consequences.® We therefore additionally describe critical
consequences of arbitrary, unnamed domain parts. Specifically, we characterize the

3Note that we actually still disregard one aspect of the relevant time-invariant information on named
individuals, the case that a flexible relation implies several rigid ones to the same unnamed successor.
This is covered in the next section.
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satisfaction of CQs—those in the negative literals—independent of time in terms of other
CQs, so-called witness queries. These are CQs without variables and, more importantly,
of tree-shape. Observe that CQs of this shape sufficiently capture the unnamed part for
the purpose of r-satisfiability, where we look for interpretations Ji,...,Jx,Zo,---,Zn
that do (not) satisfy certain axioms and CQs. The resulting relations in the unnamed
domain parts can be seen as trees since we consider a DL-Lite}t = ontology. If we
disregard the named individuals, it is thus safe to focus on CQs of this shape.

We start defining what we consider as tree-shaped CQs. Note that the graphs of the
CQs are generally not directed (trees), namely because DL-Lite}t, . allows for inverse
roles. We therefore consider functions similar to the tree witnesses defined in [Kon+10].
These functions describe bijections between the variables of a CQ ¢ and the nodes of a
tree (i.e., the tree is similar to G, but directed) so that an atom R(x,y) € ¢ implies that
the tree contains an edge between the corresponding nodes. We extend the functions to
incorporate not only all atoms R(z,y) € ¢ but explicitly consider roles S for which the
ontology entails an RI S C R.

Definition 6.3 (Tree-Shaped) Let ¢ be a CQ with Ni(¢) = 0 and = € Ny (p).

A tree witness for ¢ (w.r.t. x and O) is a function f,: Ny(p) — (Ng x 2N&)* such
that

o f,(z) =¢

for all p- (S, R) € range(f) and R € R, we have O = S C R; and

)
for each R(y, z) € ¢, we have
— f,(2) =£2(y) - (S1,R) and some S € R such that O =S C R, or
— f.(y) = fz(2) - (S1,R) and some S € R such that O =S LC R™.
If a tree witness for ¢ exists, then we call ¢ tree-shaped.

For a tree-shaped CQ ¢ and a tree witness f, for ¢, the set Conp(yp,f;) is defined as
the set of all sets B C B(O) such that

z

e for cach A(y) € ¢ with f;(y) = ¢, we have O |=[|B C A;

e for each (S, R) € range(f;), we have O |=[|B C 35;

e for each A(y) € ¢ with f,(y) =0+ (S,R), we have O =35~ C A; and

e for cach g (S1,R1) - (S2, R2) € range(f;), we have O = 35] C 35;. O

Regarding tree witnesses, recall that we assume CQs to be connected. The last condition
in the definition thus leads to the fact that the sets R C 2Nr are never empty.

Intuitively, the set Conp(p,f;) contains all sets B of basic concepts that, if satisfied
in an interpretation Z by one of its domain elements, imply the satisfaction of ¢. Note
that the last two conditions for the sets B do not refer to these sets specifically; they
ensure that the sets describe the whole query. Observe that the set Conp (¢, f;) is empty
if they are not fulfilled w.r.t. the considered tree witness f,. For simplicity, we may omit
the variable = if we regard a tree witness f, where x is irrelevant or clear from context
and denote it by f, instead.
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Tree witnesses can be used to describe CQs that may be satisfied by unnamed elements
in models of O, but their definition still focuses on a specific time point (i.e., it does not
distinguish rigid and flexible symbols). Next, we consider the time-invariant setting.
We specify witness queries for a tree-shaped CQ: CQs that contain only rigid symbols
and, if satisfied in a model of O, imply the satisfaction of the latter query at arbitrary
time points. They are based on witnesses: sets of rigid basic concepts that, if satisfied
in a model of O, imply the satisfaction of a single basic concept at arbitrary time
points; alternatively, they can characterize the existence of a specific element in canonical
interpretations.

Definition 6.4 (Witness) A set B C Br(O) is a witness of a basic concept B € B(O)
w.r.t. O if there are Ry, ..., Ry € Ng such that O |=[]B C 3Ry, O = 3R,_; C 3R; for
all i € [1,4], and O = 3R; C B.

Let further Z be the canonical interpretation for a knowledge base (O, .A), where A
is an arbitrary ABox. Then, B is a witness of an element u,p g, € AL wrt. (O, A) if
O E=T1BC 3Ry and u, € ([1B)* or o € Ni(A) N (M B)*.

The set of all witnesses of a basic concept or unnamed element X w.r.t. O is denoted
by Wo(X). For all e € AT\ AL we define Wo(e) = 0. O

Note that this definition corresponds to the one for ££. Here, we however have to
consider inverse roles and explicitly require the concepts C; from Definition 5.4 to be of
the form 3R, . Furthermore, it is not sufficient to focus on sets of concepts to describe
the satisfaction of tree-shaped CQs through rigid symbols in the unnamed domain parts
of interpretations since we consider rigid roles.

We therefore characterize the satisfaction of a tree-shaped CQ ¢ by witness queries,
of which we have two kinds. If they are satisfied in a model of O through some homo-
morphism, tree witness queries imply the satisfaction of ¢ based on that homomorphism
(i.e., at arbitrary time points). The other, simpler kind only implies the satisfaction of ¢
in general.

Definition 6.5 (Witness Query) Let f be a tree witness for a (tree-shaped) CQ ¢
w.r.t. O, and let ¢ be a CQ containing only variables of the form x,, where ¢ € range(f).

An element ¢ € range(f) is rigidly witnessed in ¢ (w.r.t. f) if o # € and one of the
following holds:

e 0 =0-(S,R) and there is a set Byg C Br(O) such that O = [|B3s C 35 and
BHS(xU) - ¢-4

e o=0-(5,R) and o is rigidly witnessed in ).

Given a set B € Conp(p, ) with subset B|g := BN Br(O), ¢ is a tree witness query
for ¢ (w.r.t. O, B, and f) if it is minimal (w.r.t. set inclusion regarding the set of atoms)
among all CQs satisfying the following conditions:

i B|R($6) C 7/);

e for each A(y) € ¢ with f(y) = ¢, we have (i) O =[]|B|r C A, or (ii) A € Ngc and
A(ze) €

“Note that o = € is possible.
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o for each A(y) € ¢ with f(y) = 0- (S, R), we have (i) f(y) is rigidly witnessed in 1),
or (ii) there is a set Ba C Br(O) with O =[1]Ba E A and Ba(wg,)) C ¥;

e for each ¢ - (S,R) € range(f), we have (i) ¢ - (S, R) is rigidly witnessed in v, or
(ii) R € Nrr and R(z,7,.(sr)) € ¢ for all R € R.

Further, 1) is a witness query for ¢ (w.r.t. O) if
e either ¢ is a tree witness query for ¢ w.r.t. O, or

e o) = Jz.B(x) for some B C Br(O) such that there are an R € N (O) and tree wit-
ness f for ¢ w.r.t. O such that B is a witness of IR w.r.t. O and {3R} € Conp(y,f).

&

For technical reasons, we in the following assume that x. occurs in every tree witness
query. This is without loss of generality and can be achieved, for instance, by considering
a fresh concept name that subsumes T. We next prove that the satisfaction of a witness
query for a CQ ¢ implies the satisfaction of ¢.

Lemma 6.6 Given an interpretation T that is a model of O and a witness query Y for
a CQ p, we have that T =1 implies T |= .

Proof. We assume 7 to be the homomorphism of ¢ into Z (*) and, in line with Defini-
tion 6.5, consider two cases.

(1) Let ¢ be a tree witness query w.r.t. a set B and tree witness f; note that we have
B € Conp(p,f). The goal is to define a homomorphism 7’ of ¢ into Z. We define 7/
based on an auxiliary mapping 7: range(f) — AZ as follows: 7'(y) := 7(f(y)), for all
y € Ny(p). Next, we 1) specify 7 and then 2) show that 7’ is indeed a homomorphism
of ¢ into 7.

1) For all ¢ € range(f) that are not rigidly witnessed in 1, we define 7(p) := m(x,).
This especially applies to €. Note that z. and all x, must occur in %, by our assumption
on z. and Definition 6.5; for the latter, this follows from (ii) in the last condition in the
definition of tree witness query where we have R # () by Definition 6.3.

For the remaining elements in range(f), the definition can thus be given by induction
over the structure of f. Since they are rigidly witnessed, which is never the case for ¢, we
can consider them to be of the form ¢- (S, R) € range(f); o = € is possible. In particular,
our definition will be such that (7(g),7(e- (S,R))) € ST. In the base case, we assume
0 (S,R) to be directly rigidly witnessed, which means that no prefix of g is rigidly
witnessed. Then, 7(o) is defined—as m(x,)—, and there is a set B3g C Bgr(O) such that
O = [Bas C 39 and Bas(z,) C . The latter and (*) yield n(z,) € ([]Bas)?, and
7 |= O then implies 7(z,) € (3S)L. Hence, there must exist an element e € A such
that (7(0),e) € S, and we can set 7(0- (S, R)) := e.

For the induction step, we consider elements of the form p - (S1,R1) - (S2, R2), as-
sume g - (S1,R1) to be rigidly witnessed, and 7(o - (S1,R1)) to be defined; note that
Ty.(S1,R1)-(S2,Rz) dO€s not necessarily occur in . The (last condition in the) defini-
tion of Conp(p,f) (see Definition 6.3), then yields that O = 35; T 3S3. We have
7(0- (S1,R1)) € (3S7)T by our definition of 7 and hence get (o - (S1,R1)) € (352)7,
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because Z = O. So there is an Sa-successor e of 7(p - (S1,R1)) in Z, and we can set
7(0- (S1,R1) - (52, R2)) :=e.
2) We consider the definition of a tree witness query and first regard an atom A(y) € .

e If f(y) = ¢, then either (i) A € Nrc and A(z.) € ¥, or (ii) O  [|Blr C A.
From (*) and, for (i), Z = O, we get 7(z.) € A, in both cases. Given that our
definition is such that 7'(y) = 7(e) = 7(x), this means 7'(y) € AZ.

e If f(y) is of the form g - (S1,R1) - (S2,R2), then either (i) f(y) is rigidly witnessed
in ¢, or (ii) there is a set [ | B4 € Br(O) such that O = Ba E A and Ba(wy(y,)) C 9.
Regarding (i), we have 7(f(y)) € (355 )% and hence 7'(y) € (355 )%, both by our
construction. From the third condition in the definition of Conp(p,f) and Z = O,
we then get 7'(y) € AZ.

We regard a role atom R(y,z) € ¢. According to Definition 6.3, we have one of the
following:

o f(z) = f(y) - (S1,R1) and there is an S € Ry such that O = S C R: Similar

as above we then either have that (i) f(y) - (S1,R1) is rigidly witnessed in v, or
(ii) S(ws(y), 24(z)) € 9. For (i), observe that our definition of 7’ is (then) such that
(7'(y),n'(2)) € ST. Given Sy C S, by Definition 6.3, and Z |= O, we thus get
(7'(y),7'(2)) € R™. Regarding (ii), (*) yields that (7 (z¢(,)), m(w¢(»))) € ST The
fact that ' is defined such that (7'(y),7'(2)) = (7(w)), T(2¢(z))) and T = O
then directly imply (7'(y),7'(2)) € RE.

o f(y) =1(z)-(S1,R1) and some S € Ry such that O =S T R™: this case follows
by dual arguments, exchanging f(y) and f(z), and replacing R by R~

This shows that 7’ is a homomorphism of ¢ into Z.

(1) Regarding the second case of Definition 6.5, we assume 1 to be of the form
Y = Jx.B(x) for some B C Br(O) such that there are an R € Nz (O) and a tree
witness f for ¢ w.r.t. O such that B is a witness of 3R w.r.t. O and {3R} € Conp (¢, {).
Given the assumptions that Z = v and 7 = O, there must then be an element e that
satisfies 3R in Z by Definition 6.4. We proceed in two parts 1) and 2) as above.

1) We define 7’ based on a mapping 7 analogously to the previous case, but begin by
setting 7(¢€) := e. The rest of 7 is defined by induction similar to the above induction,
by treating e as if it was directly rigidly witnessed. Then, the only difference is that, in
the base case, we cannot assume the element considered to be of the form - (S, R) and
an instance of the concept 35S~ in Z, but have to regard e. But since 7/(e) satisfies IR
by definition, {3R} € Conp (¢, f), and Z = O, we obtain the required S-successors by
the second condition in the definition of Conp (¢, f).

2) Since all elements can be treated as rigidly witnessed this Part 2) is a special case
of the above Part 2), except for the case of a concept atom A(y) € ¢ with f(y) = e. But
then we know that 7/(y) € (3R)%, and hence 7/(y) € A by the first condition in the
definition of Conp(yp,f). O
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The lemma shows that we have to especially focus on the satisfaction of witnesses
of a CQ if we do not want the CQ to be satisfied at an arbitrary time point through
unnamed domain parts.

Altogether, the definitions provided in this section enable us to characterize the Func-
tions (F1) and (F2) of the shared domain from Definition 3.12 in an alternative way
and hence to look for the interpretations 71,..., %, Zo,- - ., L, separately. In order to
ensure a certain agreement between them on the interpretation of the rigid symbols, we
next collect all the data important for the time-invariant setting in r-complete tuples.

6.1.2 r-Complete Tuples

In this section, we specify the additional data in the form of tuples and propose the
property of r-completeness for characterizing r-satisfiablility. Recall the goal: indepen-
dent and separate consistency tests for each W € W and each W,;) with i € [0, n],
including the corresponding ABox A;, that may take the additional data into account
and altogether decide if W is r-satisfiable w.r.t. + and O.

The additional data is a tuple of the form (Ag, Qr, Qgr, RF), where

e Ag is an ABox type for K,

° QR:QE g QCID, and
o Rp C {35(b) | S € NR(O) \ Nrgr, b€ Ni(K) U N>}

where the set N{** C N; contains an individual name a,, for each variable x occurring in
a CQ in Qr. Note that, because of our assumption that the CQs in ® have no variables
in common, each a, € Nj** can be unambiguously associated to a CQ containing x.

As outlined above, the idea is to fix the interpretation of the named individuals via
AR, to consider the consequences of the CQs satisfied at some time point and collected
in Qr, and to regard the witness queries of the CQs not satisfied at some time point
and collected in (Jg. Observe that Qr and ()R may overlap. The set R is necessary
to capture possible effects of Rls of O, as it is sketched in the following example. The
additional data thus consists of a number of assertions and queries that is polynomial
in the size of ®.

Example 6.7 At n =1, the TCQ
¢ := (OpA(a)) A= (Fz.Ri(a,x) N Ro(a, x))

is not satisfiable w.r.t. the TKB K (O, (0, 0))), where O contains the Cls A C 35, S C Ry,
and S C Re, and R; and Ry are the only rigid symbols.

This is because every model J = Zy,Z1,... of K and ® has to be such that all of
Ty, I1, ... satisfy O, Zp = A(a), and Z; ~ Jz.Ri(a,z) A Ra(a,x) (see Definitions 3.3
and 3.5). Then, there must be an element e such that the tuple (a,e) is contained in
STo, R%O, and R%O. The fact that J respects the rigid names then yields that, for all
i > 0, the tuple has to be contained in RY and RZ. Hence, Z; = 3z.Ry(a, ) A Ra(a, ).

ABox types and consequences however cannot capture such a scenario where I and
® imply that a named individual has a flexible role successor and that relation implies
several rigid relations, since the latter then target the same unnamed successor element.
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That is, while the TCQ has no model, there may be interpretations as in Definition 3.12
except that they do not share one domain, but do satisfy a common ABox type and
consequences of ¢; and @s.

Consider Wy = {p1}, Wo = ), a mapping ¢ = {0 — 1,1 — 2}, and arbitrary
interpretations Ji1,7Z2,Zy,Z1 as in Definition 3.12 except that they do not share one
domain. We assume 1 = A(a). Definition 3.12 requires ¢1 (because W1 = {p1}) to be
satisfied by J1 and Zy.

Obviously, there is an ABox type Ar = {3Ri(a),IR2(a)} for K, and we have the
consequences Co(¢1) = {IR1(a),IR2(a)}. Regarding Ws, we do not have to consider
consequences. Observe that we can still find interpretations [J1,Z2,Zg,Z; as above that
additionally satisfy Agr and the set of consequences. &

To simplify the presentation of the consistency tests, we define, for all i € [1, k], the
sets Q; := {p; | pj € Wi} and A,y := ) and extend ¢ such that ¢(n + @) := 4. Further,
we represent most of the data to be considered for a given tuple (Ag, @r, Qr, Rr) in the
form of ABoxes as follows:

o Agy := U@EQR Co(y).

We assume that the instantiation of the variables is done using the corresponding
individual names from Nj**.

o Ag, constitutes the ABox obtained from @; by instantiating all variables with the
corresponding names from Nj“*.

o Ap = Uss@p)er, A3sp), where Agg(y) is constructed as follows:

1. For every domain element uy,, of the canonical interpretation Zip (35(5)}) with
lo| < max{|Nv(p)| | » € Qs}, introduce a new individual name a;,.

These new individual names are collected in the set Nfree.

2. For every a,g € Nir¢, add the following assertions to the set Ass(p), which is
assumed to be empty initially:

— for every B € Br(O) with O |= 35~ C B, the concept assertion B(a,g);

— for every R € Ngg(O) with O |= S C R, the role assertion R(a,,a,gs) if
o & Ni(K), otherwise R(o,a,s)-

Observe that these consequences only have to be considered up to a depth which
ensures that possible and relevant matches (i.e., those that include the named
individual b) of relevant CQs (those in Qg) depending on the existence of some
S-successor of b can be fully characterized. Note that the ABox Ag, defined in
this way is of exponential size. But we show in Sections 6.2 and 6.4 that this does
not affect our complexity results

Observe that, for 7, j € [1, k], the ABoxes Ag,, Ag,, and Ap, may share some individual
names from N;(KC) and N{**, whereas different ABoxes Ag, and Ag, do not share any
individual names from Njf** since we assume the CQs to use disjoint variables.

The conditions we then test regarding a given tuple (Ag, @R, @R, RF) are captured
by the property of r-completeness (see also the corresponding Definitions 4.13 and 5.6
for £L).
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Definition 6.8 (r-complete) A tuple (AR, Qr, @R, RF) as specified above is r-complete
w.r.t. W and ¢) if the following hold for all i € [0,n + k:

(

(C1) Kf := (0, Ar U Agg U AQ, ) U AR U A;) is consistent.

(C2) For all p; € W,;), we have Kk [~ ¢;.

(C3) For all W € W and p; € W, we have ¢; € Qr.

(C4) For all W € W and p; € W, we have p; € QR.

(C5) For all CQs ¢ € Qg and witness queries 1) for ¢ w.r.t. O, we have K& 1.
(C6)

C6) For all S € Nr(O) \ Nrr and b € Ni(K) UN{*™*, we have 35(b) € Rf iff there is an
index j € [0,n + k| such that (O, Ar U Ag, U Ag,;, UA;) = 3S(b). o

The first two conditions together ensure that, for all considered worlds W; (W,(;)) with
i € [1,k] (i € [0,n]), exactly the queries specified by the world can be satisfied w.r.t. O
if the assertions in g™ (K}) are taken into account. In line with the above described
intention, the third (fourth) condition then makes sure that only the queries from Qg
(QR) can occur in some W € W (in some W where W € W). Condition (C5) ensures
that the queries induced by some such set W are not entailed based on the rigid names,
by requiring that the canonical models of all K& do not satisfy any of the witnesses of
the tree-shaped queries in QR (see Lemma 2.13). And the last condition ensures that
RE is minimal; that is, the rigid consequences of 35(b) are only considered if they are
implied by an adapted KB Kk, excluding Ag.

We next show that the existence of an r-complete tuple w.r.t. W fully characterizes
the r-satisfiability of W.

Lemma 6.9 W is r-satisfiable w.r.t. v and K iff there is an r-complete tuple w.r.t. YW
and t.

The proof of the lemma is split over the following two subsections.

If W is r-satisfiable w.r.t. : and K, then there is an r-complete tuple
w.r.t. W and ..

Let 71, ..., Tk, 2o, - - -, Iy be the interpretations over a domain A that exist according to

the r-satisfiability of W (see Definition 3.12 ). We assume w.l.0.g. that A contains Nj(K)

and that all individual names are interpreted as themselves in all these interpretations.
We first define the tuple (Agr, Qr, Qr, Rr) as follows:

Ag = {B(a) | a € N|(K), B € Br(0),a” € B/} U
{=B(a) | a € N|(K), B € BRr(0),a”* ¢ B} U
{R(a,b) | a,b € N|(K), R € Nrr(O), (a,b) € R} U
{=R(a,b) | a,b € N\(K), R € Nrr(O), (a,b) ¢ R"};

Qr:={0; € Qq | W eW,p; e W}

Qr:={a; € Qs |WeW,p; ¢ W}

50bserve that the condition is only relevant for tree-shaped CQs since there are no witness queries for
CQs that are not of tree shape.
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6.1 Characterizing r-Satisfiablility

Re :={35(b) | S € Nr(O) \ Ngrg, b € N;(K) UN"™, i € [0,n+ k],
(O, Ag U AQR U AQL(” UA;) =35(b)}.

We prove that the tuple is r-complete by showing that it satisfies all the conditions
in Definition 6.8. It is easy to see that Agr is an ABox type for O, that Qr satis-
fies Condition (C3), and that Qg complies with Condition (C4). Moreover, the rather
straightforward definition of the tuple seems to make it easy to show that each of the
knowledge bases Kk has a model (Condition (C1)) which neither satisfies a CQ from
Qs \ Q,(;) (Condition (C2)) nor a witness of the queries in Qg (Condition (C5)), based
on the given interpretations; but special attention needs to be given to the UNA and
Condition (C6). The crucial point is that the given interpretations may satisfy CQs
in a conjunction x,) (XL(i)) by a homomorphism that can however not be applied to
satisfy an ABox Ag, (.AQL(Z.)), because m maps different variables to the same domain
element, which are represented as named individuals from N{** in the ABox; the same
applies to the ABox Ap, w.r.t. the elements from N** and N{"¢. Regarding Condi-
tion (C6), observe that the “if” direction does not directly yield that each of the given
interpretations satisfies the assertions in Ag,.

The idea is therefore to extend the given interpretations J; (Z;) in two steps. First, we
construct models Z;, , (Z;) of (O, ARUAQUAg, ., UAitn) ((O, ARUAGUA, ;, UAJ)
that interpret the elements of N?** and N[ by using duplicates of elements from A. In
order to overcome the issue regarding Condition (C6), we ensure that these interpreta-
tions still share one domain and also interpret the rigid symbols in the same way. This
allows us to then adapt these interpretations in a second step regarding the elements
from N in order to get models of the respective knowledge bases K&™ (Kg), which
include Ag,.

For this extension, we consider different canonical interpretations for all CQs ¢ € Qr
satisfied in one of the given interpretations: I;CRF, the one of Ky, := (O, Ar;); Ix,,, the
one of IC, := (0, A,); and I,Ev, which collects the rigid consequences of Zx, and is
inductively defined according to Definition 2.11 with the adaptation that all symbols
X € Nc U NRg are initially interpreted as follows:

X0 .— {XIK“” if X € Nrc U Ngg,

0 otherwise.

Being defined in this way, I,Féqp behaves exactly as Z, w.r.t. the rigid names, but the
interpretations of the flexible names only contain those tuples that are implied by the
rigid information. Note that the domain of I,Féq) is part of the one of Ty, since all
elements u, that would be created by the iteration in Definition 2.11 for I,Féw are also
created by the one for Zx, and are hence contained in the initial interpretation above.
We consider the interpretations ZR to make sure that all interpretations we construct
also satisfy Ag, in consideration of the UNA (together with O), even if they do not
satisfy an ABox A,.
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Observe that IC, is consistent since ¢ € (Qr implies that there is an interpretation
Z; or J; that satisfies ¢ and O and is thus a model of IC@.6 This also leads to the
fact that all the given interpretations satisfy the rigid consequences of A, w.r.t. O (i.e.,
particularly Co(y), see Definition 6.2) because, by assumption, they share one domain
and respect the rigid names. We can state properties of all ¢; € Qr that are crucial for
our construction:

I;gwj can be homomorphically embedded into each J; (Z;) for which we have
pj € Win+iy (pj € W) since there must be a homomorphism of ; into J; (Z;)
and this entails the existence of domain elements that satisfy at least the symbols
satisfied by the elements of I;ij.

IE@I can be homomorphically embedded into each J; (Z;), because there must be

J
some ¢ € [1, k] such that J; satisfies ¢; (and O), and the rigid consequences of ¢,
represented by I,Féw -, are satisfied in all the given interpretations.
J

These facts imply that we can, as the first step, extend all given interpretations 7; with
i € [L,k] (Zi, i € [0,n]) to models T, ; (Z;) of Ag, and Ag, .., (Ag,) because they
already contain elements that behave in the same way—at least, regarding the symbols
that need to be satisfied to obtain such models:

The common domain A is extended by the union of the domains of all Zx, with

© € QR (which are also the domains of I,'éw). Note that these domains may overlap
in Ny and Nj*.

The individual names from Nj** are interpreted as themselves.

For each j € [1,m] and p; € W), all symbols are, on the domain of I;ij,
interpreted exactly as in I;c%_. Note that there are no role connections between
the old and the new domains except between N;(K) and the elements of Nj** (*).

It pj € W, (p; € W;), then all symbols are, on the domain of I;ij, interpreted

exactly as in I,Féw.
J

Recall that A is not yet complete; it is still to be extended by the domain of I/CRF-
Though, this definition meets our requirement that Z = (O, Ar U Ag, U Ag,,, U A;)
and is such that Z |= x,(; for all i € [0,n + k], which can be seen given the following
observations:

7! satisfies O and Ag. This is because, given (*), the interpretation of symbols
on the unnamed elements in the original domain A does not change (i.e., the
interpretation of basic concepts on these elements neither changes); further, the
new domain elements do not exhibit new behavior that was not already present
in Z; (J;); and the latter also implies that the interpretation of basic concepts on
the elements of N does not change.

STf two variables are mapped by the homomorphism to the same domain element, we obtain a model
respecting the UNA by creating a copy of this element that satisfies exactly the same concept names
and participates in the same role connections as the original element.
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e If i < n, then Z] satisfies A; because Z; = A; by the same reasons as in the
previous item. Otherwise, A; is trivially satisfied.

e 7; is a model of Ag, since that ABox consists exactly of the ABoxes Co(yp) with
@ € Qr and those are satisfied by the new domain elements because I,'éq) is part

of 7] and I,'éw = Co(y).

e Similarly, Z/ satisfies -AQL(i) since that ABox consist exactly of the ABoxes A
with p; € W,;), satisfied by Ix,, which is part of Z/.

e For each p; € W,(;), we get Z [~ p; since any homomorphism of ¢; into Z would
allow us to also find one into Z; or, if i > n, J;_, which contradicts the respective
assumptions that Z; |= x,(;) and J;—n = X,(;)- Hence, we know that Z = x,;)-

We come to the second part. Since the interpretations are models of the respective
knowledge bases (0, Ar U A, U Ag, ;) U Anti) With ¢ € [0,n + k], we get that every
assertion 35(b) € R is satisfied in one of them by the above definition of Rg. That in-
terpretation thus also satisfies the rigid consequences described in Ag, since it is a model
of O. But then this holds for all the interpretations because they interpret the rigid
symbols on the named elements in the common domain (i.e., those in ANN;(K)NNf*) in
the same way and satisfy Ar and Ag,, which contain all the relevant rigid information.
We can thus extend the domain A by the domain of Zx,_ and all interpretations i
with ¢ € [1,k] (Z; with ¢ € [0,n]) as follows. The names from N[ are interpreted by
themselves and, regarding the other names, these elements q;, € N{re are interpreted
as the elements that already exist since they describe the consequences of assertions
in Rf; note that we may again have to copy elements if the UNA would be violated
otherwise. Note that this extension does not introduce new role connections between
the old and the new domains except between Nj(K) and the elements of N?** and Nf"e,
similar to (*). We therefore can argue similarly as above that the final interpretations Z;
are models as required for Condition (C1).

In what follows, we use these constructed interpretations to show that the tuple
(AR, Qr, @R, RE), in addition to the above covered Conditions (C1), (C3), (C4), and
(C6), also satisfies Conditions (C2) and (C5). This means it is r-complete.

Regarding Condition (C2), we assume that there are an i € [0,n+k] and a p; € W)
such that Kk = ¢;, which yields Z] = ;. This directly contradicts the above shown
fact that Z} = x,(;)-

The proof for Condition (C5) is also by contradiction. We assume that there are an
index i € [0,n + k], a tree-shaped CQ ¢, € QR, and a witness query v for ; w.r.t. K
such that K = v, and thus also Z/ = 1 holds. However, p; € QR yields that there is
a Wy € W with £ € [1,k] such that p; ¢ Wy, and thus Z), , [~ ¢;. By Lemma 6.6, we
know that 7], b~ ¢. But this contradicts the facts that ¢ contains only rigid names
and that Z/_, and Zj respect the rigid names. This concludes the proof of the first
direction of Lemma 6.9.
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If there is an r-complete tuple w.r.t. YV and (, then )V is r-satisfiable
w.r.t. ¢+ and K.

The proof of the converse direction is more involved; the general approach is again the
same as for £L£. We assume an r-complete tuple (Ag, @Qr, Qr, Rr) to be given and, as
before, follow the lines of Definition 3.12. The goal is thus to show that we can con-
struct interpretations 1, ..., Jk, Zo,- . . , L, that share one domain and satisfy the other
requirements of the definition. The idea is to integrate the canonical interpretations of
the KBs in Condition (C1) of Definition 6.8 to construct these interpretations.

In what follows, we first provide auxiliary definitions, then define the interpretations,
and lastly prove that they are as required. Note that, in the remainder of the proof, we
generally do not reference Definition 6.8 explicitly if we refer to Conditions (C1)—(C6).

For all ¢ € [0,n + k|, consider the following definitions.

o 7; := Ixj, denotes the canonical interpretation of the KB KCk.

e We define AZi := N?** N AZi to distinguish the elements in the domain of Z; that
are contained in N, and similarly write AZi and AZi for the sets containing
the elements from N[ and, respectively, the unnamed domain elements that are
unique to the canonical interpretation Z;.

e We also write a’, for every element a, € AZi, aég for every a;, € Al and uig for
every u, € AL Further, for any element e € Nj(K) U Nf** U Nf**¢, we may use
e’ to denote the corresponding element in Nj(K) U AL U AZi; note that we thus
consider a’ := a for all a € Nj(K).

Hence, the domain of Z; is composed of the pairwise disjoint sets N(K), AZi| AL,
and ALi. We state this fact for future reference.

Fact 6.10 The set Ni(K), all AL with i € [0,n + k], all AL with i € [0,n + k], and all
AL with i € [0,n + k] are pairwise disjoint.

Next, we construct the interpretations J, .. ., Jn+x as required for the r-satisfiability
of W; where Jy, ..., Jn represent Iy, ..., Z, of Definition 3.12 and Jy+1, - -, Jnik re€p-
resent Ji,..., Jx. To this end, we join the canonical interpretations Z;. The idea is that,
for all i € [0,n + k|, Z; represents the parts specific to J; and, for the interpretation of
the rigid symbols in J;, all Z; with j € [0,n + k| are considered. The interpretation of
the flexible symbols then can obviously not be solely based on Z; but has to be adjusted.
In this way, we ensure that all of Jp, ..., Jn+k interpret the rigid concept names in the
same way.

The common domain A is defined as follows:

n+k
A:=N(K)u |JAFUAFUAT.
i=0
Ji is specified below, for all i € [0,n + k:
e For all a € Ni(K): a7i := a.

e For all rigid concept names A: A7 := U;lié“ AL,
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e For all flexible concept names A:

n+k
AT — ATi | U U (l—llg)IjU
j:O BgBR(O)v
OF[1BCA
n+k
U {ujr € AT | O = IR C A, Wolujp) # 0}.
j=0

e For all rigid role names R: R7i := U?ié“ R%.

e For all flexible role names R:

n+k n+k
R :=REU|J) U S%u |J{(de) eRY|3IX e{de}, WolX)#0}.
7=0 SENZ(0) j=0
OE=SCR
We thus have constructed interpretations 71, ..., J; that share the same domain and

respect the rigid names since, for all X € Ngrc U Nrg and i@ € [0,n + k], the definition
of X7 is independent of i. Most parts of the specification are straightforward.

We next show connections between Jy, ..., Jo+r and the canonical interpretations,
which also help to clarify the picture of the former. In the remainder of this section, we
then prove that the interpretations fulfill the other requirements for the r-satisfiability
of W.

Lemma 6.11 For all i € [0,n + k], elements d,e € Ai, and role names R € NRr:
(d,e) € R7 iff (d,e) € R,

Proof. (<) This direction follows directly from the definition of R7:.

(=) We focus on the definition of R7:. If R is flexible, we need to consider two
cases; in both, we assume i # j: (i) (d,e) € S% for some rigid subrole S of R, and
(ii) (d,e) € R% and either d or e has a witness w.r.t. O. Given d,e € A%, Fact 6.10
however implies d,e € N|(K) in both cases. Hence, (ii) is impossible since named
domain elements cannot have witnesses according to Definition 6.4. Regarding (i), we
get S(d,e) € Ar since S € Ngg, that Ag is an ABox type, and Z; = Agr. Then, Z; = Ar
implies (d,e) € S¥, and Z; = O yields (d,e) € R% since we assume O = S C R.

If R is rigid, we consider the case that (d,e) € R%i for some j # i and get d, e € Nj(K),
as above. Since R € Ngg, Ar is an ABox type, and Z; = Ag, we must have R(d, e) € Ag.
T; |= Ag then leads to (d,e) € R%:. O

The following observation is a direct consequence of the fact that the interpretation
of roles in J; is based on the canonical interpretations, which are models of O, and
Fact 6.10.

Lemma 6.12 For alli,j € [0,n + k], elements d € A and e € AL

u

and roles R € Ng,
we have:

If (d,e) € R7 then (d,e) € R,
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There are similar connections between the interpretations of concepts in J; and Z;.

Lemma 6.13 For alli,j € [0,n + k] and basic concepts B € B(O), the following hold.
a) For all e € N|(K), we have e € B iff e € B%i.

b) If B is rigid, then, for every e € AL UAL U AL

u’ s

we have e € BY iff e € BY.

c) If B is flexible, then, for every e € AL UAL U AL

u

we have e € BJ iff
e i=jandec BY, or

e there is a B C Br(O) with e € ([1B)% and O =[|BC B, or

e c € BN AL and Wo(e) # 0.

Proof. For a), we first assume B to be rigid. (<=) e € BZi clearly implies e € B since
X% € X7 for X € Nrc UNRR. (=) By the definition of the rigid names in J;, e € B
yields that there is a j € [0,n + k] such that e € B%i. Since Z; and Z; are both models
of the ABox type AR, we get B(e) € Ag and e € B,

Regarding B being flexible, the definition of \7; on this kind of names yields two options
equivalent to e € BY: (i) e € B% or (ii) there are a B C Br(O) with O =[|B C B
and a j € [0,n + k] such that e € ([]B)%. For B being of the form 3R with R € Ny,
this choice is a consequence of the following observations, assuming (i) does not apply:

e If there is an S € Ngg such that O = S C Rand e € (39)%, O E[{3S} C 3R
holds as well. Hence, we can set B := {3S}.

e Otherwise we can assume that there is an element ulg € A such that (e, ulg) € R%i
because of Fact 6.10 and Definition 6.4, which yields that the elements in N;(K)UAZs
do not have witnesses; by Definition 2.11, we especially have O = S C R. Given
Wole) = 0, (e,ulg) € R% implies that Wo(ulg) # (), meaning that there is a
witness B C Bgr(O) such that e € ([[B)% and O = [1B C 35. Additionally,
O = 3S C 3R implies O =[]BC 3R.

Regarding now the two options, we get that (ii) implies (i) since e € ([1B)% yields
B'(e) € Ag for all B’ € B, which together with Z; = Agr implies e € ([]B)%. Hence,
T; = O leads to e € B%i. This concludes the proof of a).

b) is a direct consequence Fact 6.10 and the definition of J;.

For ¢) and the case that B € N¢, the equivalence with one of the three cases is covered
by the definition of 7; if, for the last case, Lemma 2.15 is taken into account.

It remains to consider B to be of the form JR with R € Ng. For the case that
i = j, the claim can be restricted to the first of the three items since the other two
are subsumed by it; for the second item, this holds because Z; = O. Then, it is a
direct consequence of Fact 6.10 and the definition of 7;, because the interpretation of
the elements from AL U Al U AL in J; is not influenced by any Z; with j # i. We
consider the case ¢ # j.

e Regarding e € N2 U N[ we only have to consider the second item. (=) The
definition of R7 yields two options: (i) there is an S € Ngg such that e € (35)7
and O |= S C R, or (ii) there is an R-successor d of e in Z;, and either e or d
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has a witness w.r.t. O. For (i), we set B := {35}. For (ii), Definition 6.4 yields
Wo(e) = 0 and thus that d is of the form ulg with S € N (O) since Wo(d) # 0.
The latter implies that there is a B C Br(O) with e € ([1B8)% and O = []B C 38S.
Taking O = S C R into account, which follows from Definition 2.11 because of
the shape of d, we then get O |= [1B C 3R. (<) Given e € (IR)%, there is
an element of the form wl, € AL such that (e,uly) € R% by Definition 2.11.
Since Definition 6.4 implies that B is a witness of ulp, the definition of J; yields
(e,ulp) € R7i; that is, e € (3R)7:.

e Let e € ALi. (=) Again, there are two options, by the definition of J;: (i) there is
an S € Ngg such that e € (35)% and O = S C R, or (ii) there is an R-successor d
of e in 7;, and either e or d has a witness w.r.t. O. For (i), we can set B := {35},
as in the previous item. For (ii), observe that we have e € (R)%. If Wo(d) is
undefined or empty, then the third item of ¢) holds directly. Otherwise, we assume
Wo(d) # () and hence get d € ALi by Definition 6.4. By Definition 2.11, we then
have either (i) e = w) and d = w)g, or (ii') d = ) and e = ulp-. For (1),
Definition 6.4 yields either Wp(e) # 0 (i.e., the third item holds) or that there is
a B C Br(O) such that e € ([1B)% and O = []B C 3R (the second item).

For (ii’), we immediately get that the witness of d is also a witness of e, again by
Definition 6.4. (<) Let e = ul. We start with the second item. If there is a set
B € Br(O) with e € ([B)% and O = [|B C 3R, then Definition 2.11 implies
that the element UZ:R € AL exists and that (e, UZ)R) € R%i. Since B is further a
witness of ud by Definition 6.4, we get (e, ulr) € R7, and hence e € (3R)7i by
the definition of J;. Regarding item three, and thus e € (3R)%/, we similarly get
that (e, ulp) € R% by Definition 2.11. Then, Wo(e) # 0 yields e € (3R)7, as in
the previous case. O

We finally show that 7; is in fact as intended. The proof of the next lemma is standard
given Lemmas 6.11 and 6.13.

Lemma 6.14 For alli € [0,n+ k|, J; is a model of (O, A;).

Proof. For every assertion a € A;, Lemma 2.12 yields Z; = «, and thus Lemmas 6.11
and 6.13a) yield J; = a.

We consider a CI By 11---M B, C B € O and element e such that e € B{" N---NBJ;
note that Bq,..., B,, are basic concepts and B is either a basic concept or L. For the
case that e € Nj(K), Lemma 6.13a) yields e € BY N --- N BL. Since Z; = O, this
implies that e € B, which is impossible if B = 1. Otherwise, we get e € B7i, again
by Lemma 6.13a).

Let now e € ALi U AL U AL for some j € [0,n + k]. If i = j, then we get the
same conclusion as in the previous case since, given that Z; |= O, items two and three
collapse to the first item. More precisely, we can argument analogously by referring to
Lemma 6.13b) and c) instead of Lemma 6.13a). Regarding ¢ # j, Lemma 6.13 implies
that, for each By with ¢ € [1, m], we have either that (i) there is a B; C Bgr(O) such that
e € ([NBe)% and O |=[Be C By or that (i) e € Bf N AL and Wo(e) # 0. Z; = O,
following from Lemma 2.12, thus leads to e € Bfi for (i) and to e € B% for both cases.
If B = 1, this is again impossible. If B is rigid, then Lemma 6.13b) yields e € B7i as
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required. If B is flexible and Case (ii) applies to at least one B, with ¢ € [1,m], then
the third item of Lemma 6.13c) yields the claim. Otherwise, it is easy to see that we
can define B := U, By and have e € ([B)%, O = BC ByN---MNB,,,and O = BC B.
Hence, the second item of Lemma 6.13c) applies, and we also get e € BY:,

It remains to comsider role inclusions of the form S T R. We consider a tuple
(d,e) € 87 and focus on the definition of J; regarding roles, in the following. That
is, there is a j € [0,n + k] such that (d,e) € STi. Since Z; = O, we get (d,e) € R%i.
For the case that R is rigid, we immediately get (d,e) € R7:. For the case that R is
flexible, we assume (d,e) ¢ R7:, by contradiction. Then, we must have that i # j, that
R has no rigid subrole S’ such that (d,e) € S, and that neither d nor e have a witness
w.r.t. O. The second of these observations implies that S is neither rigid and has no
rigid subrole S’ such that (d,e) € (S")%, because S would also be a rigid subrole of R.
But this means (d,e) ¢ S%, which contradicts our assumption. O

We now provide the final missing piece to show r-satisfiability of W and prove that,
for all ¢ € [0,n + k], the interpretation J; satisfies the corresponding conjunction x;
of CQ literals. Regarding the positive literals, this is easy given that the ABox AQL(Z-)
contains an instantiation of all these CQs and is satisfied by Z;. The proof for the
negative literals - is based on the interpretation of roles in J;, where domain elements
of different interpretations Z; and Z, with j,¢ € [0,n + k] are only related sparsely (i.e.,
at least one of two such elements must be a named individual). Given that we assume
CQs to be connected, we specifically have that, if 7; satisfies ¢, one must apply: (I) the
corresponding homomorphism includes only unnamed domain elements of a single Z;
with j € [0,n + k|, and a witness query of ¢ is satisfied in Z;, which follows from the
structure of the unnamed domain parts, or (II) it includes named elements, and either
it maps directly into Z; or we can construct such a homomorphism; the latter holds
because the given homomorphism contains named domain elements from some Z; with
j € [0,n+ k] and j # 4, and corresponding rigid knowledge on the named individuals
must be contained in the additional ABoxes and thus also be satisfied in Z;. Based on
the assumed r-completeness, we therefore can show J; = =@ by contradiction.

Lemma 6.15 For alli € [0,n+ k|, J; is a model of x;.

Proof. We show that 7; is a model of every CQ literal in y;. Let ¢ first be a positive
such literal; note that the proof of this case is analogous to the proof for £L (see
Lemma 5.13). Since Ag, contains an instantiation of ¢ and Z; = Ag, by Lemma 2.127
we know that there is a homomorphism 7 of ¢ into Z; that maps all variables in ¢ to
elements of AZi; that is, 7 maps each such variable z to a,. By the fact that AZ C A
and Lemmas 6.11 and 6.13, 7 is then also a homomorphism of ¢ into J;.

Let now —¢ be a negative literal in x;. We proceed by contradiction and assume
to be a homomorphism of ¢ into J;. First, observe the following:

e Condition (C4) implies ¢ € @R, and hence Condition (C5) yields that none of the
witnesses of ¢ is satisfied in any of the canonical interpretations.

e Condition (C2) implies K, ~ ¢, and thus Lemma 2.13 yields that Z; &= —¢.

"Note that, in the remaining parts 'of the proof, we do not always explicitly refer to Lemma 2.12 to
justify the argument that Z; = Kk for all ¢ € [0,n + k]
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We derive contradictions to these observations by distinguishing two cases (I) and (II)
outlined above.

(1) Let first 7 be such that it maps no terms into N;(KC) U U?iéc AL U Ali. Because
of the UNA, we thus have Ni(¢) N Ni(K) = 0, which yields that Ni(¢) = () since ¢ does
not contain any names from N or Nf*®¢. Moreover, we can then assume that there is
a single index j € [0,n + k| such that 7 maps all terms of ¢ to elements of AZi, by the
definition of A. To see this, note that ¢ is connected and that, for a role R € Ng, a
tuple (d,e) € R7 without named individuals exists only if the elements belong to the
same domain A% by the definition of R’ and Fact 6.10.

Given the above observation that Z; = —p, we then directly get a contradiction
for the case that j = ¢ by Lemmas 6.11 and 6.13, which together imply that 7 is a
homomorphism of ¢ into Z;.

For the case j # i, we show that there is a witness query ¢ for ¢ such that Z; |= v,
which implies Z; = ¢ by Lemma 6.6. Since Z; = ¢ is a consequence of the above
observation that ¢ € @, Condition (C5), and Lemma 2.13, we get a contradiction. In
the remains of Part (I), we construct this witness query. We start defining a tree witness f
for ¢, then consider an element of Conp (¢, f) as required according to Definition 6.5 for
both kinds of witness queries, and lastly define .

By the fact that ¢ is connected, by Lemma 6.12, and by considering how the elements
in AL are related by roles within Z; (see Definition 2.11), it is easy to see that there is a
variable € Ny (¢p), for which 7(2) = u/, is such that the length of g is minimal compared
to the paths of all elements of range(7); further, all other 7 (y) for y € Ny(¢) must then
be of the form u{w with oo € (Ng)*. We define f as a tree witness f, w.r.t.  and via
a mapping f': range(r) — (N x 2Vr)*, by setting f(y) := f'(7(y)) for all y € Ny(p).
Regarding f’, we set f’ (ujg) := ¢ and proceed by induction over the structure of AZLi.
So we consider an element u)ys, € range(m) such that f'(u?,) has already been defined.
We set {'(u)yg,) = f'(u),) - (S1,R), where R is a minimal set satisfying the following
conditions for all role atoms R(y, z) € ¢ with 7(y) = u), and 7(2) = ul,g,:

e If there is an S € Ngg(O) such that O = S C R and (7(y),7(z)) € S7, then
SeR.

e Otherwise, we have R € R.

Regarding the second requirement of Definition 6.3, observe the following. From the
assumption that (7(y),n(z)) € R7 and, if the first item applies, (7(y),n(2)) € S,
we get (m(y),m(2)) € R% and, respectively, (7(y), 7(z)) € S% by Lemma 6.12. Defini-
tion 2.11 then implies O = 51 C R and O = 51 C S, respectively. Hence, f is indeed a
tree witness for z in ¢.

Next, we construct an element of Conp (¢, ). Note that the last two properties in the
definition of Conp (¢, f) do not depend on the particular choice of that set, but only on
f (see Definition 6.3). We first show that they are fulfilled and, to this end, consider all
atoms on variables y with f(y) # e. Let A(y) € ¢ and f(y) = o - (S, R), which implies
7(y) € A% and that 7(y) is of the form £0|1S; o |1 denotes the sequence of roles obtained
from o by projecting each pair in ¢ onto its first component. Then, all options we get by
applying Lemma 6.13 yield u/, ¢ € A%, since Z; = O. Hence, O = 3S~ C A follows

001
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by Lemma 2.15. Second, we consider an element o - (S1,R1) - (52, R2) € range(f). By

Definition 2.11, we know that (ujg'ghsl,uzmhsl&) € S2Ij, and hence get ujohsl € (38)%.
Again by Lemma 2.15, we obtain O = 357 C 35,.

For the actual construction of the element of Conp (¢, f) and the corresponding witness
query, we distinguish two cases focusing on the two kinds of witness queries, respectively
(see Definition 6.5).
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o

o If Wo(uz,) = (), then we construct a tree witness query. We continue the construc-

tion of a set B € Conp(p,f) and thereby ensure that the first two conditions in
the definition of Conp(p,f) are satisfied. Let o be of the form gpSy. For each
atom a := A(y) (a := R(y, z)) in ¢ such that 7(y) = ) (i.e., f(y) =€), we regard
the basic concept By, := A (B, := 351, assuming 7(z) = u)g, ). We then define
a set B, C B as follows: If there is a set B), C Bg such that O = 35, C []B,
and O = [1B., C B,, then B, := B, and, otherwise, B, := {B,}. Note that
the first case always applies if « is a concept atom A(y), by Lemma 6.13, because
ujé e AT, W@(uzj) =, and A = By(,. By setting B := U,e, Ba, we thus get
OE[IBCA(OE[]BC3S).

We then also have uf € ([1B)% since u), € ([1Ba)% holds for all & € ¢. This
can be seen by considering the definition of B,. Regarding the first case, the
latter follows from o = 09Sp and 3S; T []|B, by Lemma 2.15. Regarding the
second case, we can consider some « := R(y,z) and B, := {351}, which yields
that m(z) = uls, € AL and thus (ug,ugsl) € Slzj by Definition 2.11. This
means u), € ([{3S1})%. It can then readily be checked that B € Conp(p,f). In
particular, observe that there is such a role atom R(y, z) € ¢ where f(2) = (51, R),
for each (S1,R) € range(f). This is because the latter implies that ¢ contains a
variable z such that m(z) = ulg, by the definition of f, we assume 7(y) = ud,
¢ including y and z is connected, and, by Lemma 6.12, u)g, and uj are equally
connected in Z;; but this is only possible if they are related by a role. Recall that,
if we consider f(z) = o - (51, R) as in the latter sentence, we can assume 7(z) to
be of the form u by our definition of f.

acp

ZJU [151
Based on B, we now define a tree witness query v (see Definition 6.5) as required.
To this end, we maintain the invariant that Z; |= 1 during the construction, via the
homomorphism that maps all variables z, with o € range(f) to u},|,. We proceed
by induction over range(f). The start is by including into % all atoms from B|gr(x.).
Hence, both the first condition of Definition 6.5 and our invariant are satisfied
since we showed u € ([] B)%i above. The second condition is satisfied since, for
all A(y) € ¢ with f(y) = ¢, we have By,) € BNBr, O = [|Bagy) E Bagy), and
By = A. Condition three is trivially fulfilled in the base case. Regarding the
last condition we consider an atom R(y, z) € ¢ with f(y) = € and f(z) = (51, R).
For those (51, R) € range(f) for which Bpy, .y is defined in the first case of that def-
inition (i.e., we have BR(y,z) C Bgr and O li HBR(y,z) C BR(y,z)) O ': |—|B C 35;
follows directly from Bpg(, .y € B and Bg(,.) = 351. Hence, (S1,R) is rigidly
witnessed in ¢ by Definition 6.5. For all other (S1,R) € range(f), we know that
(S1,R) cannot be rigidly witnessed in 1. Observe that we then have R C Ngg: if
there was a flexible role in R, then it would have to be introduced for an atom of the
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form R(y, z) that was flexible and to equal R, and there could not be an S € Ngr
such that O = S C R and (n(y), 7(z)) € S by the construction of R; then, there
could neither be an S € Ngg such that O = S C R and (n(y),n(z)) € S% since
the definition of J; would yield (7(y),(z)) € S, which contradicts the former
assumption; by the definition of R, (n(y),7(2)) € R%:, n(y) = ul, m(z) = ulg,,
and Wo (uf,) = 0 would thus imply Wo(uls, ) # 0; but, according to Definition 6.4,

the latter means that there is a set B;%(%Z) C Bg such that O HB;%(y’Z) C 35

and u), € ([] Bﬁz(y’z))zj, yielding O [= 357 []Bp, ) by Lemma 2.15, which con-
tradicts the assumption that such a set does not exist (i.e., since Bp,, ) is not
defined in the first case of the definition). In order to fulfill the last condition, we
thus can add all atoms S(z.,z(s, r)), S € R to 1. Since Definition 2.11 implies
(ul, ulg, ) € St and we have O |= S C S for all these roles S (see the part below
the construction of R), Definition 2.11 also implies (u{), uZ)Sl) € S%i. Hence, these
new atoms can be mapped into Z;, as required for our invariant.

For the induction step, conditions three and four of Definition 6.5 are relevant.
Since the elements (S1,R) € range(f) considered lastly are not rigidly witnessed,
we now focus on all of range(f) which extend those. To this end, we assume that we
have already defined 1) up to a variable of the form z, in line with Definition 6.5,
and that there is some o - (S3, R) € range(f) that is not rigidly witnessed. Regard-
ing condition three, we consider all A(y) € ¢ of the form f(y) = o - (S2,R). Since
7(y) € A% Lemma 6.13 yields that either (i’) there is a set B4 C Br(O) such
that O |=[]Ba C A and 7(y) € ([Ba)%, or (ii") n(y) € A% and Wo(r(y)) # 0.
In Case (i’), we add the atoms Ba(y.(s,,7)) to ¥ and thus satisfy condition three
while maintaining our invariant. Case (ii’) cannot apply since it leads to a con-
tradiction as follows. For Wo(7(y)) # 0, Definition 6.4 yields that there must be
a prefix ¢'S” of po|152 and a set Bgr C Br(O) such that O | [|Bg T 35" and
cither wl, € ([Bg)% or ¢’ € Ni(K) UN and ¢ € (1 Bg/)%i. If ¢'S' is a prefix
of o, then this contradicts the assumption that Wo(u3) = 0. But, if ¢ is a prefix
of ¢S, then there is a ¢” € range(f) such that ¢” |;= ¢/, and we have added the
atoms in Bg/(y,) to ¢ already. But then o - (S2,R) is rigidly witnessed in 1),
which contradicts the assumption.

Regarding the fourth condition, we have to consider all elements of the form
o - (S2,R2) - (S3,R3) € range(f). We discern two cases, similar to the above defi-
nition of B), for B. If there is a set B3g, C Bgr such that O = 35, C []B3g,
and O = [|B3s; £ 353, then we add the atoms B3s,(7,5.(5,,7,)) to ¥ and
get that o - (S2,R2) - (S3,R3) is rigidly witnessed in . Otherwise, we have
Ro C Nrgr for the same reasons as in the base case. We hence can add all the
atoms S(Tg.(Sy,Ra) To-(S2,Ra)-(S3,R3))s S € Rz, to ¢ and continue the inductive
construction with o - (S2,R2) - (53, R3), which is not rigidly witnessed.

It is easy to see that this construction of v terminates since f is finite. Moreover,
the final 1) satisfies Definition 6.5 and is hence a tree witness query for ¢ w.r.t. B
and f; and we have that Z; |= 9.

If W@(UZ)) # (), then we construct a witness query of the second kind. By Defi-
nition 6.4, g is of the form o = ggRy ... Ry, and there are a set B C Bgr(O) such
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that O =[]B C 3R, and an element v}, € AL that satisfies []B in Z;. By Defi-
nition 2.11 and Lemma 2.15, u}, € Al leads to O = 3R, € 3R;y1, i € [0,4 — 1],
which means that B is a witness of 4R, w.r.t. O.

It remains to show that {3R, } € Conp(y,f). But for all A(y) € ¢ with f(y) =,
m(y) = u) € A7 implies ul € AL since Z; = O by Lemma 6.13. Then,
Lemma 2.15 yields O = 3R, C A. For an element (S1,R) € (Ng x2N& )Nrange(f),
our definition of f similarly implies that the element U{;Sl € AL exists. Then, Defi-
nition 2.11 leads to u/, € (351)%, and Lemma 2.15 yields O |= 3R; T 35). Hence,
¥ = Jx.B(x) is a witness query for ¢ and, by regarding the homomorphism that

maps z to ugo, we get Z; = ).

Given the above observations, this finishes the proof of Case (I) of Lemma 6.15.

(11) In the remainder of the proof, let m be such that it maps at least one term into
A, = N(K)U U;Lié“ AL U Ali. We directly define a homomorphism 7’ of ¢ into Z; to
contradict Z; = —. This is done in three phases, by considering the terms 7 maps to
elements from A, those that are directly connected to the latter, and all others. After
phase one, all terms considered are thus mapped to elements from U?;“é“ AL by 7.

1) For all t € Ni() UNy(¢), where 7(t) € A,, and assuming 7 (t) = ¢, let 7'(t) := e’.
We first prove an auxiliary result and subsequently show that, regarding the terms
mapped so far, 7’ is a homomorphism of ¢ into Z;.

Corollary 6.16 For all B € B(O) and t € Ni(¢) UNy(p) with 7(t) € A,, we have:
If n(t) € BY:, then ' (t) € BE:.

By Lemma 6.13, (t) € B implies two options: (i) w(t) € B%, or (i) 7(t) € AL UAL
and there is a set B C Br(O) such that 7 (¢) € ([1B)% and O =[|B C B. In Case (i),
we have 7/(t) = 7(t) by definition, hence the claim holds. In Case (ii), the claim follows
if i = j, as in Case (i); otherwise, we distinguish the following two cases.

o If 7(t) € AL, then (t) is of the form al. Let ¢ € Qg be the (unique) CQ
containing the variable z. By the definition of Z; and Condition (C3), the existence
of the element aJ implies that ¢’ € Qr. Hence, the element a’ must also exist,
and 7/(t) = a’ is well-defined. Since n(¢) € ([1B)%; B C Br(O); and Ag, and
Ap, contain all rigid assertions on a,, taking O into account (i.e., in particular,
all following from AQL(]-) are also in Agy); Definition 2.11 and Lemma 2.14 yield
that the elements of B are implied by the conjunction of

— all elements of B(p, a,) and

— all rigid concepts IR for which there is an assertion 3S(a;) € Rf with

OE=SCR.

But, for all concepts of the latter form, Condition (C6) yields that JR(ay) is
(already) implied by some KB (O, Ar U Agg U Ag,,,, U Av), and must hence be
contained in B(y’, a,), because Ag and A; do not contain assertions on a,. This
shows that O = [B(¢’,a;) C []B. Given ¢’ € Qg, the definition of Ag, then
implies B'(a;) € Agg for all B’ € B. From Z; = Agg, we obtain a!, € ([B)%
which together with Z; = O leads to a’, € B%, as required.
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e If m(t) € AL/, then 7 (t) is of the form aig. Since ap, then occurs in some ABox by
Definition 2.11, only Apg, contains assertions on elements of N{™¢, and Ap_ is the
same w.r.t. all time points, the element aig also exists. By Lemma 2.14 and the
definition of Ag,, 7(t) € B% implies that B subsumes the conjunction of all rigid
basic concepts satisfied by w, in some Zip (35()}) where 35(b) € Rp. Another
application of Lemma 2.14 then yields that B is also satisfied by 7'(¢) = ap, in Z;.

This concludes the proof of Corollary 6.16.

As a consequence, we have that all concept atoms A(¢) in ¢ such that 7(t) € A, are
satisfied by 7’ in Z;. We next show that this also holds for the role atoms that only
contain such terms. Let hence R(t,t') € ¢ be such that 7 (¢t), 7(t') € A,. If 7(t) and 7(t')
are both contained in A%¢, which especially holds for the elements in N;(K), the claim
follows immediately from Lemma 6.11 and the fact that 7'(t) = 7(¢) and 7'(¢') = = (t').
Otherwise, we have that both 7(t) and 7(¢') belong to some Nj(K) U AL U AL for a
fixed j € [0,n + k] such that j # i; note that there are no role connections between
elements of different sets AL U AL and AZ' U AL’ in J; by definition. We then can
discern the following cases and argue based on our special ABoxes:

e Ris rigid, 7(t) or 7(t') is contained in AZi, and none is contained in AZi:
(n(t),m(t)) € R7 implies (7(t),n(t')) € R%. By Definition 2.11, specifically
regarding relations between named individuals, and the fact that Ag and K
do not contain assertions on elements from N{“*, there must be an assertion
S(r(t),7(t") € Agg U Aq,,, such that O |= S C R; 7(t) = e if n(t) = ¢/.
By the definition of Ag,, which is based on consequences (see Definition 6.2), we
get R(7(t),7(t) € Agg. Hence, Z; = Ag, implies ('(t), ' (t')) € R%.

e R is rigid and one of 7(t) and 7(#') is contained in AZs:
We argument similar to the previous case. Again, (7(t),7(t')) € R7 implies
(m(t),n(t')) € R%E. By Definition 2.11, since only Ag, contains assertions on
elements from N{™¢, and because Apg_ contains all rigid assertions on the elements
of Ni™¢ that follow by O (see the definition of Ag.), there must be an assertion
R(7(t),7(t') € Ag,. From Z; = Ag,, we then get (7/(t),7'(¥')) € R%:.

e R is flexible:
Given (7(t),m(#')) € R and the fact that witnesses are not defined for elements
of A,, there must be a rigid role S such that (7 (t),7(t')) € S% and O = S C R
by the definition of ;. As in the respective previous case (i.e., based on the kind
of 7'(t) and 7/(¢') here), it follows that (7/(t),7'(t')) € S%i. Since Z; = O, we then
obtain (7/(t),7'(¥')) € R%:.

It remains to define 7’ for the variables of ¢ that are mapped by 7 into U?ié“ AL, Since
the relations in J; are based on those in the canonical interpretations, Definition 2.11
implies that all variables that occur in role atoms together with a term mapped to an
clement e € A, by 7 are of the form ulg , and the role atom must be an R-atom such
that O = Syp C R. Moreover, the assumption that ¢ is connected yields that, if any
variable is mapped to an element ul So...8, € AL then there is a variable that is mapped
to ulg,, one directly connected to it and mapped to wlg g, , etc. We hence can proceed

as follows.
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2) We consider all y € Ny(y) for which there is an atom R(t,y) € ¢ where w(t) € A,
and 7(y) € Ali, and assume 7 (t) = e/, n(y) = ulg,, So € Ng, and O |= Sy T R. Recall
that 7/(t) = e’. The goal is to choose an element of A% as value for 7'(y) so that 7’ can
be (extended to) a homomorphism of ¢ into Z;. For now, we however only show that
our definition of 7/(y) satisfies (7/(t),7'(y)) € R regarding all these role atoms. The
remaining atoms that contain y are then covered in Part 3).

If i = j, then we can directly define 7'(y) := 7(y) by Lemmas 6.11 and 6.13. Oth-
erwise, we distinguish the following two cases. Note that (e’ ,ugso) € RJ implies
(e/,ulg,) € R% by Lemma 6.12.

o If Wo(ulg,) # 0, then (¢/,ulg) € R implies (¢/,ulg,) € R’ by the definition
of J;. We then get e! = 7/(t) € (39)%* by Corollary 6.16. According to Defini-
tion 2.11, the element ulg, then exists and the pair (e’,ulg,) is related in Z; as
(¢7,ulg,) is related in Z;. And the latter tuple is interpreted in the same way in
Ji- We can thus set 7'(y) := ulg,.

o If Wo(ulg,) = 0, then the definition of 7; yields that, for all atoms R(t,y) as above,
there is a rigid role S such that O = Sy C S, O = S C R, and (¢/,ulg,) € 57
Note that Sp must be flexible since otherwise 35y would be a witness for ulg, .
Furthermore, since (e/,ulg,) € ST, Lemma 2.14 yields that the assertion 3Sp(e)
is a consequence of the basic concepts obtained from the assertions involving e
in Kk. We now show by a case distinction on the kind of e that this is still the
case if Ap, is disregarded.

— If e € Nj(K), then we have that any (rigid) basic concept assertion on e that
is a consequence of Apg., by taking O into account, must be contained in Ag,
since Agr is an ABox type and Z; is a model of both these ABoxes. Since
Ap, does not contain flexible assertions, 35y (e) is also a consequence of K}
if Ag; is disregarded.

— If e € Nf** is of the form e = a, and ¢’ is the CQ in which x appears, then
we know that 35y (e) is a consequence of the assertions in Ag, UAg, ;) U Age
(i.e., again, taking O into account). Regarding Apg., we thus consider a rigid
concept assertions IR'(a,), R’ € Ng, for which there is a flexible assertion
35'(ay) € Rf such that O = S’ C JR'. By Condition (C6), all those as-
sertions 3R’(a,) follow however from some set of assertions Ag, U AQM’)’
j' € [0,n + k], and hence from [|B(¢’,a,). By the definition of Ag,, they
are thus contained in this ABox, which means that Ap. can be disregarded.

— If e € Nj™¢, then 3Sy(e) must similarly follow from ABox assertions by
Lemma 2.14; particularly, it follows exclusively from Apg_ (and O) because
elements from Nj™¢ do not occur in other ABoxes. Since Ap, contains only
rigid assertions, the corresponding rigid basic concepts constitute a witness
for ugso, which contradicts our assumption and yields e ¢ Nj"e.

The case distinction proves the entailment required to apply the “only if” direction
Condition (C6) to infer that 3Sy(e) € Ag.. Since Z; = Ag., (¢',alg,) € SZi holds
for all rigid roles S as above. Given Z; = O, the above assumptions on O, and
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Wol(uls,) =0, (¢',alg,) satisfies all the role atoms R(t,y) in Z; that are mapped

to (e/,ulg,) by m. We can therefore define 7'(y) := alg, .

It thus remains to consider the satisfaction of the atoms we left out in 2) and, in
particular, the other variables of ¢ mapped by 7 to elements of U;Lié“ ALi. As described
above, we can assume them to be related in a tree structure and, especially, to the
elements we focused on in 2).

3) We finish the definition of " using an induction over the structures of unnamed
elements in the image of the homomorphism 7, starting with the elements we considered
in 2). For all variables y with 7(y) € AL, we can obviously set 7/(y) := 7(y). We
therefore only consider the case that 7(y) € AL and j # i in the following. Note that
this is valid for the induction by Fact 6.10 and the interpretation of roles in 7;, which
show that elements from different sets AZi and AZi cannot be related in J;.

Given the latter observations, we can also maintain the following invariant while
finishing the construction of 7’ regarding the remaining variables y (i.e., we do not have
to satisfy the invariant at all for variables mapped by 7 to elements from AZ: since
7’ is already defined for all variables directly connected to them); let m denote the
number of variables for which 7’ is defined already at the respective moments in the
induction: If 7(y) = uls, , then either (i) Wo(uz)sl) =0, 7'(y) = dbg,, and [o| < m, or
(ii) Wo(uds,) # 0, 7'(y) is of the form wug , and o] < m. As induction hypotheses,
we assume that the (partial) definition of 7’ satisfies all role atoms that only contain
variables for which it is already defined and the invariant. It can readily be checked that
our definitions from 2), which represent the base case, satisfy both these requirements.

To show that 7’ is a homomorphism of ¢ into Z; regarding the variables mapped so
far, it remains to consider the concept atoms. We assume m(y) = ulg, € AL and 7'(y)
to be defined already and consider all concept atoms A(y) € ¢. Since ugsl c A7 we
know by Lemma 6.13 that either (i) there is a B C Bgr(0) with uhs, € ([B)% and
O ETIBC A, or (ii') us, € Al and Wo(ulg,) # 0. If the above Case (ii) applies,
meaning 7'(y) = u}g,, then two applications of Lemma 2.15 yield that O =35 C A
and 7 (y) = ulg, € A%, Otherwise, (i’) must hold because of ulg € A" by the defini-
tion of J;. Z; |= O then implies uésl € A% and Lemma 2.15 yields O |= 357 C [ B.
From 7'(y) = aj,g,, we then get aj,q, € ([ B)%i by the definition of Ag,. Given Z; = O,
we conclude that 7'(y) € AL

To continue the definition of ', we consider an element u{) 5,5, € range(m) and all role
atoms R(y,z) € ¢ with m(y) = ujg and m(z) = uj}g,g,- We hence can assume that ¢
contains a variable x such that 7(x) = u}g, for which 7’ has been defined already. For all
these role atoms, we have that O = .S2 C R by the definition of 7; and Definition 2.11.
Once again, we distinguish two cases w.r.t. Wo(uz)sl S5)-

o If Wo(ulg,s,) # 0, then we have (ulg, ,ulg s,) € S5/ since the pair is contained
in SQZj and also O = 357 T 35, by the definitions of the two interpretations.
Further, one of the following two cases must apply:

— If Wo(ulg,) # 0, then (ii) implies that 7(y) is of the form 7'(y) = ulg,.
Given Z; |= O, the element u’g g, then exists, and (ulg,,ubg,g,) satisfies
all role atoms R(y, z) of the above form in Z; by Definition 2.11. Hence, we
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can define () := ulg, g, for all such variables z and maintain the invariant

(Case (ii)).

- IfW@(uésl) = (), then there must be a set B C Br(O) such that O =[]B C 35,
and ulg € ([1B)% by Definition 6.4, which implies O = 357 T [B by
Lemma 2.15. Since (i) yields that 7'(y) is of the form alg , the definition
of Ag, implies B(a,s,) C Ag., and Z; = Ag, then yields 7/(y) € ([]B)%.
Together with Z; = O, this implies 7'(y) € (3S2)%. By Definition 2.11, the

5, 55

R in Z;. We hence can set 7'(z) := u

invariant.

thus exists and the pair (aigsl,ugg 5 s,) satisfies all the roles

ays, 5,5 this satisfies Case (ii) of our

element u

o If Wo(ulg,5,) = 0, then we know that also Wo(ulg, ) = 0 holds, and hence
Case (i) of our invariant applies, meaning 7'(y) = aésl. In addition, for every
of the above role atoms R(y, z), there is a rigid role S such that O = S C R
and (ulg, ,ulg g,) € ST by the definition of J;. Definition 2.11 then yields
O | S2 C S. Together with O = 357 T 35 and the given bound on the
length of p, this implies that the element aZéSl s, exists in Agg, in all the rigid
assertions S(ayg,,ayg, s,)- Thus, Z; = Ag. and Z; = O, because of the fact that
O = S C R yield that (aps,,aps,s,) satisfies all all relevant role atoms R(y, z).
We set 7'(z) := a,g, 5, for all such variables z and obtain Case (i) of our invariant.

This concludes the construction of 7/ and shows that it is a homomorphism of ¢ into Z;,
which contradicts our assumption that Z; = —p. O

This finishes also the proof of Lemma 6.9. In what follows, we use this characteri-
zation of r-satisfiability for obtaining complexity bounds for both combined and data
complexity.

6.2 Combined Complexity

In this section, we show that TCQ entailment is in PSPACE w.r.t. combined complexity,
which matches the hardness given by satisfiability in LTL. The previous section shows
that there is no need to store the exponentially large set W for testing the conditions
characterizing r-satisfiability. Hence, we can apply Algorithm 3.1: we first guess a tuple
(AR, Qr, Qr, RF) as described in Section 6.1 and then test the satisfiability of the LTL
formula ®P* as it is done in Algorithm 2.1, but ensure additionally that the guessed
worlds satisfy the conditions of r-completeness (see Definition 6.8). This procedure is
in line with Lemma 3.13: we integrate the r-satisfiability with the t-satisfiability test.

Subsequently, we specify the algorithm, prove correctness, and then show that it uses
only polynomial space. Note that, throughout this section, all complexity considerations
target combined complexity so that we do not always mention that explicitly.

We start describing the functions we apply.

e CQCONSEQUENCES: Given a CQ ¢ and an ontology O, it computes the set Co(p)
(see Definition 6.2). That is, it performs a series of subsumption tests.
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Since the size of the considered sets Bg(O) and Ngg(O) depends polynomially on
the size of O; that of A, also regarded, depends linearly on the size of ¢; and sub-
sumption in DL-Lite}t  is in P w.r.t. combined complexity [Art409, Thm. 8.2],
this procedure runs in polynomial time in the size of its input.

KBCONSISTENT: Given a knowledge base in DL-Lite}t . it decides consistency.
According to [Art+09, Thm. 8.2], this can be done in polynomial time in the size
of the input.

UCQENTAILED: Given a CQ ¢ and a DL-Lite}t = knowledge base K = (O, A),
it decides the entailment K }= ¢ based on the nondeterministic version of the
algorithm in [BAC10] (see the sketch after Theorem 12 in that paper) in three
steps:

— apply algorithm PerfectRef [BAC10, Fig. 2] to rewrite ¢ using O,

— nondeterministically choose a CQ v from the resulting UCQ),

— check whether DB(A) = 1.

Especially note that the size of 9 is polynomial in that of ¢. Altogether, this
nondeterministic procedure runs in polynomial time in its input [BAC10].

Next to the above functions, we use two enumerators:

TREEWITNESSENUM: Given a CQ ¢ and an ontology O, it enumerates all tree
witnesses for ¢ w.r.t. O (see Definition 6.3).

Since tree witnesses mimic the structure of ¢ and the range of the candidate
mappings f: Ny(¢) — (Ng X 2Nr )* contains only sequences of size polynomial in
the size of ¢, all these candidates can be enumerated using polynomial space only.
The conditions of Definition 6.3 can also be checked in polynomial time; regarding
the subsumption, we again refer to [Art+09, Thm. 8.2].

WITNESSQENUM: Given a CQ ¢, an ontology O, and a tree witnesses f for ¢ w.r.t.
O, it enumerates all witness queries for ¢ w.r.t. O and f (see Definition 6.5).

All sets B C B(O) are of polynomial size and can hence be enumerated using only
polynomial space, in the size of O. Checking if B € Conp(p, f) (see Definition 6.3)
is again subsumption testing and hence in P.

(i) Tree witness queries can, based on ¢, f, and B, be constructed by considering
the polynomially-sized f, enumerating all possibilities of assigning a set of basic
concepts to each relevant node of ¢, and checking if the conditions from Defini-
tion 6.5 are satisfied. The size of the set is polynomial in O, and the testing again
involves a series of P-tests.

(ii) The other kind of witness query can be constructed as follows:®

— Construct a graph over all roles in Ng (O) that contains an edge from R to

S iff O = 3R~ C 3S.

®This idea is also implicitly used in the form of the reachability relation ~ in [BBL05; KKS12].
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— Check whether it is possible to reach an S satisfying {35} € Conp(yp, f) from
an R with O |=[]B C 3R for some B C Br(O).

It is easy to see that this approach is both sound and complete.

The graph can be constructed by quadratically many P-tests. The subsequent
reachability test can, given the above observations, be done within polynomial
space. More specifically, this is because B, R, and S can be guessed and then
considered by using polynomial space only and the reachability problem is in
NLOGSPACE (e.g., see [AB09, p. 74]).

The above observations show that all the procedures we apply run in polynomial space
in the size of their input. Our algorithm based on Algorithm 2.1 is presented next.

Definition 6.17 Given a TCQ ® and TKB K = (O, (A;)o<i<n), satisfiability of ®
w.r.t. K can be decided by running Algorithm 3.1:

e GUESSDATA: It guesses a tuple (Ag, @r, @r, Re) with an ABox type Agr for K and
sets Qr, Qr € Qo and Rr C {35(b) | S € Nr(O) \ Nggr, b€ Ni(K) UN{*™*};
Additionally, it initializes a set R := Rf and returns it together with the guessed
tuple.

e TESTRSAT: Given ®,0, A;,d (i.e., the tuple guessed and RF), i,s,p, and W, it
first defines the following sets:

Qw = {pj € Qo | pj € W},

Agg == | J CQCONSEQUENCES(yp,0),
PEQR
Kr = (0, Ar U Ag, U Ag,, U A;),
and, for every assertion 35(b) € RE, updates RE = R \ {35(b)} if the function
UCQENTAILED(3S(b), (O, Ar U Ag, U Ag,, U A;)) returns true.
Then, it returns true iff the following conditions are satisfied:
(C1) Check if KBCONSISTENT(KR) returns true.
(C2) For each p; € W:
— Guess a connected set -A;%F C Ap, that is of polynomial size (the size
of ;).
— Check if UCQENTAILED(yy;, (O, ARU A, UAgQ,, UAR UA;)) returns false.
(C3) For each p; € W: Check if ¢; € Qr.
(C4) For each p; € W: Check if p; € QR.
(C5) Forall ¢ € QR, f in TREEWITNESSENUM(¢, O), and v in WITNESSQENUM(¢, f, O):
Check if UCQENTAILED(KR, ¢) returns false.
(C6) For each S € Nr(O) \ Nrr and b € Ni(K) U Nj“**:
If UCQENTAILED(3S(b), KR) returns true, then check if 35(b) € RE.
If i = s+ p, then check if RF = 0. &
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Observe that our algorithm modifies Algorithm 2.1 in two critical points: it adapts
the recording of the start of the period, and it adds tests that may lead to a negative
outcome. Most of the tests we apply are self-explanatory. Note however that the set
R{ is used to check the “only if” direction of Condition (C6), which cannot be done
locally (i.e., separately for each time point 7). The next lemma summarizes the goal of
our extensions.

Lemma 6.18 The nondeterministic algorithm described in Definition 6.17 decides TCQ
satisfiability w.r.t. a TKB by using only polynomial space w.r.t. combined complexity.

Proof. For proving correctness, we consider the conditions in Lemma 3.13.

e Let the set W = {W1y,..., Wi} be defined as the set of all worlds W encountered
during a run of the procedure. The mapping ¢: [0,n] — [1, k] is defined such that
(1) := ¢ where Wy = F. N {p1,...,Pm}

e Regarding t-satisfiability (see Definition 3.11), it is easy to see that the above
definition of W fulfills the first condition. For the second condition, we can focus
on our modifications since Algorithm 2.1 is correct by Lemma 2.21.

s > n: The (possible) moving of the recorded period start may cause Algorithm 2.1
to run longer, though maximally n iterations of that algorithm, but does not
change its final outcome.

GUESSDATA/TESTRSAT: Our other extensions do not modify steps in Algorithm 2.1
itself nor do they ever return true on their own (i.e., independent of Algorithm
2.1), hence our algorithm is sound w.r.t. the second condition as well; and it is
complete if the extensions never return false if an r-satisfiable set W exists.

The last condition for t-satisfiability is satisfied also because of our definitions of
¢ and W.

e It thus remains to show that W is r-satisfiable iff the extensions do not return
false on their own. By Lemma 6.9, we can consider Conditions (C1)-(C6) from
Definition 6.8.

(C1) Observe that our algorithm only checks the consistency of the knowledge base
(0, Ar U Ag, U Ag,, U A;) and hence drops Ag,.

However, this exponentially large ABox can be ignored for this consistency
test since, once Condition (C6) is verified, we know that for each A5g(;) C Ag.
there is at least one index j € [0,n + k| for which the existence of the ele-
ments described in A5g(;) follows from the KB (O, Ar U Ag, U AQWL(j) UA;)

where, for all j > n, W,; = W; and Aj = 0. Hence, the rigid consequences
of the assertion 35(b) regarding b € Ni(K) U N{**, which are represented by
Ass(p), must follow from Agr or Ag, (i.e., based on the kind of b) given our
definitions of all the additional ABoxes. We thus can disregard the assertions
from Asg() including the elements from Niree since any model of the KB we
consider must have domain elements of this kind.

Further note that we modify the initialization of the period start s, in order
to ensure that all the ABoxes in the given TKB are considered; but the result
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of [SC85, Thm. 4.7] only applies when there are no external conditions on the
propositional models. It is however easy to see that the latter result extends
to our case.

(C2) To check whether Kg [~ ¢; holds, for each p; € W, we apply the algorithm
UCQENTAILED. Given the fact that this nondeterministic algorithm basically
checks the satisfaction of a CQ whose size is polynomial in that of ¢;, we
can especially consider the exponentially large, forest-shaped ABox Ag, by
regarding only a nondeterministically chosen part of size polynomial in ;.

(C3) The corresponding test obviously captures this condition.
(C4) The corresponding test obviously captures this condition.

(C5) Given the above specifications of the subprocedures used, our tests also cap-
ture this condition.

(C6) The “if” direction of the equivalence is captured by the first test. The other
direction of Condition (C6) is checked globally, regarding all time points
considered. Observe that the latter test may require us to look for an LTL
structure with a longer period. Though, the maximally required period is still
exponential in the input—in contrast to the original dependency of the period
length on the given formula, the TKB is now also of influence—and can be
represented in polynomial space. To see this, note that our global condition
corresponds to the extension of the given TCQ with linearly many additional
conjuncts of the form ©pOr3S(b): if there is a model of & w.r.t. I, then a
set Rg so that the algorithm does not fail because of that adaptation of the
query can easily be defined; completeness is retained since, if the algorithm
succeeds, then we can construct such a model for that TCQ based on its
processing.

We analyze the complexity. The nondeterministic guessing of the polynomially large
sets AR, @Qr, @R, and Rr can be done using polynomial space only.

The number of sets Co(y;) to be computed for the construction of Ag, equals the
cardinality of Qr, which depends linearly on the size of ®. According to [Art+09,
Thm. 8.2], we need a number of P (subsumption) tests to compute each set Co(y;); and
this number depends linearly on the size of ¢; (and hence that of ®) and polynomially
on the size of the ontology O.

Regarding the original parts (of Algorithm 2.1), we refer to Lemma 2.21.

It remains to consider the tests in the last extension. The above descriptions of
the applied subprocedures show that all of them run within polynomial space w.r.t.
combined complexity. Since we apply them only for input of size polynomial in ¢ and
IC, the guessing for testing Condition (C2) can clearly be done nondeterministically in
polynomial time, and all other checks described for testing the conditions can be done
in polynomial time, our nondeterministic algorithm altogether uses only polynomial
space. ]

Given the general consideration of rigid names, we thus can conclude this section with a
result which is even better than that for ££ (see Corollary 5.16). The nondeterminism is
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not relevant for PSPACE complexity according to the well-known result of Savitch [Sav70,
Thm. 1].

Corollary 6.19 TCQ entailment in DL-Litel!, ., is in PSPACE in combined complezity,
even if Nrr # 0.

6.3 First-Order Rewritings of r-Satisfiability

In this section, we show that r-satisfiability is first-order rewritable and thus, once again,
solve the following problem: Given a set W C 2{P1Pm} with W = {Wi,..., Wi}, a
mapping ¢: [0,n] — [1,k], and the TKB K = (O,2l) in DL-Lite]}, ., with A = (A;)o<i<n,
is W r-satisfiable w.r.t. ¢+ and X7 More precisely:

e We propose a set of FO formulas such that, if evaluated over the ABox sequence
considered as one finite structure TDB(2(), all of them are satisfied iff W is r-
satisfiable w.r.t. ¢ and K.

e The formulas capture the conditions for r-completeness (see Definition 6.8)—our
approach is based on Lemma 6.9.

e In particular, they address a fixed tuple as described in Section 6.1.2, which we
construct based on W.

The idea is thus to check if the this tuple is r-complete for deciding the r-satisfiability
of W. The correctness of this approach is established at the end of this section (see
Lemma 6.30). Observe that the tests for r-completeness basically represent a series of
consistency and non-entailment tests regarding traditional KBs. We can hence apply
the two rewritings proposed by [BAC10], which are Boolean UCQs (with inequalities)—
called qy5q(0) and PerfectRef(p, O), respectively—, independent of the given ABox A,
and evaluated over the FO structure DB(.A) to solve these problems (see Lemma 2.24).
However, the conditions for r-completeness target many more ABoxes in addition to the
sequence 2. This section therefore focuses on the incorporation of this data into the
two existing rewritings, so that the resulting formulas can be answered over 2 alone.
Then, the r-completeness conditions can be formulated easily (see Lemma 6.30). To get
an intuition of our goal and proceeding, consider the following example.

Example 6.20 We focus on the atemporal case and the rewriting PerfectRef(p, O) of
UCQ entailment. Recall that, for a KB (O, 4;) and CQ ¢, Lemma 2.24 yields the
following:

(0, A;) = ¢ iff DB(A;) = PerfectRef(yp, O).

Let now A := {A(a)} be an additional ABox that is relevant to test r-completeness but
not part of the given KB; for simplicity, we assume a to also occur in A;.° The goal
is then to adapt PerfectRef(p, O) such that the resulting FO formula PRef , 0| 4) is as
follows:

(O, A, UA) E ¢ iff DB(A;) PRef(%OlA)'

9We detail later in this section why this assumption considerably simplifies matters. The point is that
the quantifiers in the queries we adapt quantify only over the individuals in the given KB. In order
to refer to new individuals, the quantification thus has to be adapted as well.
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This can be done, for instance, by replacing every occurrence of A(a) in PerfectRef(p, O)
by true, and every occurrence of an atom A(z) with variable z by (z =a) V A(z). <

The fact that we consider different kinds of auxiliary ABoxes focusing on various kinds of
named individuals makes the actual rewritings yet more complex than the example case.
Moreover, these rewritings are evaluated over the structure TDB(2(). This temporal
database interpretation is specified analogously to DB(.A), the structure considered in
the atemporal case, which regards only a single ABox A.

Definition 6.21 (TDB(2A)) For the given ABox sequence A = (A;)o<i<n, the two-
sorted first-order structure TDB(2A) = (Ny(2), NT(), -TPB) over the individual domain
Ni(20) := Up<i<n Ni(A;) and temporal domain Nt(2) := [—-1,n] contains the following
relations for all B € B(2l) and R € Ng(21):1°

BB .= {(a,i) | i € [0,n], B(a) € A;},
RTOB .— {(a,b,i) | i € [0,n], R(a,b) € A;}. O

The semantics of the satisfaction relation = is defined as usual:

TDB(2) = B(a,i) iff (a,i) € BTPB,
TDB(2) = R(a,b,i) iff (a,b,i) € RTPB,

Note that we use the temporal domain element —1 to describe an empty ABox A_1 = 0,
which can be accessed with formulas such as B(a,—1) and R(a,b, —1). Further, we can
simplify presentation by omitting the sequence of ABoxes 2 in the notation -TPB| since
it is fixed. Since R(a,b) and R~ (b,a) are used interchangeably for role atoms in the
previous sections, we continue with this convention in the following, so that we may use
atoms of the form R~ (b, a,i)—especially in the rewriting—and assume the atoms to be
resolved as intended when evaluated w.r.t. TDB(2().

In Section 6.3.1, we next first specify the tuple we target and, based on that, present
the KBs in focus of the r-completeness tests (i.e., for practical reasons, we have to adapt
the KBs introduced in Definition 6.8). Then, we develop our versions of Qunsat(0) and
PerfectRef (¢, O), which address these KBs, in Section 6.3.2. Lastly, we present the final
rewritings and prove the correctness of our approach in Section 6.3.3.

Note that we focus on data complexity throughout the section; if we refer to size
etc., we hence disregard the impact of the ontology and the query. Constant size then
indicates, for instance, that the sets are rather easily constructed or stored in a procedure
deciding TCQ satisfiability (i.e., w.r.t. time and memory costs).

6.3.1 A Tuple for Testing r-Satisfiability

The first goal is to specify a fixed tuple (Arjw,B,]: @rpw]> QRpv)» BFp,B4)) as described
in Section 6.1.2: it is based on two given sets W C 2{P1Pm} such that W = {W,..., Wi}
and Bs C {B(a) | B € B(O), a € Ni(®)}, both of constant size, and r-complete iff W
is r-satisfiable w.r.t. + and K. For testing r-completeness, we subsequently also specify
the KBs regarded in these tests.

ONote that we follow the approach of [Cal+05] and introduce a relation for every basic concept, instead
of only for the concept names.
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We define the tuple such that the four sets are minimal and satisfy the r-completeness
conditions. More precisely, we focus on those parts of the conditions which we can ad-
dress without considering information that is not given (e.g., the mapping ¢, which
depends on the data). While the definition of components such as Q) and QR s
straightforward, the construction of the set Rg represents a challenge. This is because
the focus on data complexity imposes special limits and Condition (C6) is rather intri-
cate. Regarding data complexity, it would be critical to consider the entire set Rg and
ABox Apg, within our rewriting. Recall that Ar. may contain auxiliary elements tai-
lored to individual elements in Nj(K), which then would need to be considered explicitly
within the rewriting—this is obviously impossible. To circumvent that, we first of all
discern the assertions in Rg more fine-granularly, according to the kind of individual
they address. In particular, the set R is considered to be the disjoint union of three sets
Rejaux, BFje, and Rp, (o for “other”), each containing only assertions on the individuals
from N2, Ni(®), and N;(K) \ N;(®), respectively (i.e., next to the ones from N["¢). For
each of these sets, we can restrict our tests to parts of Condition (C6):

® IF|aux s constant and hence its size is not relevant. In particular, the elements
of Ni** neither occur in the ABox type, nor in the input ABoxes, and can be
uniquely associated to one of the CQs in ®. For constructing Rfjauy in line with
Condition (C6), it is thus enough to focus on instantiations of the latter CQs,
individually.

e The construction of Rf|, is more involved. The issue with the size of the corre-
sponding ABox is covered later in this section. To ensure that Condition (C6) is
satisfied, we first model the derivation of all relevant (rigid) basic concept asser-
tions, the consequences of the TKB, in our rewriting and then use them to derive
those in Rp|,. Observe that the condition requires several ABoxes to be considered.
Since the elements under consideration do not occur in ®, we can however focus
on the ABox type and the input ABoxes. That is, the rigid assertions represent
(the relevant part of) the ABox type ARrpw,B5,]; the derivation resolves transitivity
and thus ensures that Arpy 5, is in line with Condition (C1). We define the set

of these rigid assertions based on the below derivation as B, := BE;E(O”.

Bg\o = (Z)’
B{qt} .= {B(a) | B € Br(0), a € Nj(K)\ Ni(¢),3i.0 <i<n,
(0, B}, UA) = B(a)}.

e The set Rfp is of constant size. For constructing it, we have to apply a derivation
as above since the elements in Nj(®) might occur in the input ABoxes. Actually,
these elements may occur in all the ABoxes regarded in Condition (C6), which
thus all would have to be taken into account in the derivation. However, we
can obviously not apply the mapping ¢ to define a fixed rewriting. This is why
we assume a set By C {B(a) | B € B(O), a € N{(®)} to be given instead of
defining it. The test if Rfe satisfies Condition (C6), in dependence of Bg, is thus
postponed to the actual application and evaluation of the rewriting.
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These observations lead to the following definitions:

Qrpy) =1 € Qo | W €W, p; € W},
Qrpy) = {0 €Qa | W EW, p; ¢ W},
Rejaupw) = {35(ay) [ § € Ng(O) \ Ngg, ay € NP, 3W; € W, (O, Ag;) = 35(ay)},
Rejops,) = {35(a) € Bo | S € Ng(0) \ Nig},
Rejo := {35(a) | S € Ng(O) \ Ngg, a € Ni(K) \ Ni(®),
3i.0 <i<n, (O,BroUA) = 3S(a)}

Based on these sets, we define the corresponding auxiliary ABoxes, as in Section 6.1.2:
° AQR[W] = UWEQR[W] Co(p).

o Ag, for j € [1,k] is defined in Section 6.1.2; for convenience, we sometimes write
-Aij instead of Ag,.

° ARF[W,Bq,] = ARF|aux[W] U ARFM)[B@] U ARHO; ARF\ ARF\@’ and ARFlo represent the
ABoxes corresponding to the sets Rpjauy, RFjo, and Rfje, respectively, and are
constructed in correspondence to the definition of Ag. in Section 6.1.2. Note
that, while the former sets contain only flexible assertions, the ABoxes contain
only rigid ones.

aux’

o ARpw,B,] is then defined as the union of the set AﬁL[W,B@], specified below, and all
negative rigid role and basic concept assertions —« over N(K) for which we have
o AJRF[Wﬁ@]. Bg|r denotes the set of rigid assertions in Be.

A4R»[W,Bq>] = B@‘R U BR\O U {HR(CL) | R(CL, 6) S ‘ARF\@[&P]’ a € N|(‘I))} @)
{R(a,b) | R € Nrr(O), a,b € N(K), R(a,b) € Agg,, or
3.0 <i<n,(0,A) = R(a,b)}

As mentioned above, we cannot assume the arbitrary set Bg to be complete and to
provide the part on the elements of Nj(®) which follows from the TKB, especially,
regarding all the assertions to be contained in Ag. Since we test the sufficiency
of Bg when the rewriting is evaluated by using entailment tests, we then can
however not detect rigid information missing in Bg if it is implied by the flexible
assertions. For that reason, we consider ARFl o[Bg] in the above construction and
thus explicitly regard the consequences from the flexible assertions in Bg.

Observe that, apart from -ARF\O and AR[w,B,], Which depend on the input ABoxes 2, all
of the ABoxes we defined are constant.

The below auxiliary lemma shows that Agrpy 5] is, in a certain sense, closed regarding
the data in the given ABox sequence.

Lemma 6.22 For all B € Br(O), R € Nrr(O) and a,b € Ni(K) \ Ni(®), we have:
o B(a) € Arpw,By) if there is an i € [0,n] such that (O, Arpwy 5, U Ai) = B(a),
o R(a,b) € ARpw,By) iff there is an i € [0,n] such that (O, Arpy B, U Ai) = R(a,b).
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6.3 First-Order Rewritings of r-Satisfiability

Proof. (=) This direction is trivial. (<) We assume that (O, Arpw,5,] U Ai) = B(a)
holds for some i € [0,n]. Observe that, if we have B, _ = BL 1 at some point, then we

’ ' Rlo Rlo
have B, = B for all [ > 0. Hence, there must be some ;' € [0, |Br(O)|] such that

Rlo Rlo

Bg‘ 0= g{’gl? for all [ > 0, because every set Bﬁ;l such that Bf;‘gl % B|j?| , must contain at
least one new assertion, there are only |Bg(O)| relevant assertions per individual, and an
assertion on a specific individual does not depend on assertions on other individuals by
Lemma 2.14. Given (O, Arpw 5, U Ai) = B(a) and the fact that only the assertions on
the individual a (possibly contained in a tuple of individuals) in Agrpw 5,] are relevant
for the entailment by Lemmas 2.14 and 2.13, we can neglect all but the second and last
conjuncts in the definition of Af{[wﬁ@}; a cannot occur in these sets. In addition to
the assertions in Bg|,, we thus consider those entailed by some (O, A;), i € [0,n]. But
the basic concept assertions corresponding to those role assertions have to be contained
in B}{‘O and hence in also in B, by definition. This leads to B(a) € Agrpw 5, by the
definition of ARrpwy Be]-

We second assume (O, Arpwy 5,] UA;i) = R(a,b). By Definition 2.11 and Lemma 2.13,
there is some S € Ng such that S(a,b) € Arpw,s] UA; and O = S T R. If
S(a,b) € A;, then we have that (O, A;) = R(a,b), and hence R(a,b) € Arpw, 5, by
the definition of ARy 5,). Otherwise, that definition implies that there is a j € [0,7n]
such that (O, A;) = S(a,b), and hence also (O, A;) = R(a,b), which also shows that
R(a,b) € AR[W,Bq)]- O

Given all the relevant ABoxes and additionally a mapping ¢: [0,n] — [1,k], we
can specify the KBs in the focus of the r-completeness tests in Definition 6.8 for all
i € [0,n + k], considering A; := () for i > n:

Kriw 5] = (Os Arpy 4]0

where
AZR[W,Bq)] = AR[W,BM U AQR[W] U AQb(i) U ARF[W,Bq)] U A;.

Before we continue regarding the rewriting, we show that we can use Bg as intended.

Lemma 6.23 For allW C 21PvPm} sych that W = {Wy,..., Wi} and v: [0,n] — [1, k],
there is an r-complete tuple w.r.t. W and v iff there is a set Bg such that the tuple

(ARW B4, Qriw]> QR BFW,Bs))
is r-complete w.r.t. W and .

Proof. (<) This direction is trivial. (=) We assume (Agr,Qr, @g, RF) to be an r-
complete tuple, define By as follows, and show that (Arpw,s84]: @rpvy: @rRpy)s BFw,B4])
is r-complete as well:

By :={B(a) € ARU Re | B € B(O),a € Ni(¢)}.

We focus on the conditions in Definition 6.8. Our tuple obviously satisfies Condi-
tions (C3) and (C4) by construction.
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Regarding Conditions (C1), (C2), and (C5), we describe a model of ICE[Wqu)] that can
be homomorphically embedded into the canonical interpretation of the consistent KB
that exists for the given tuple, since it satisfies Condition (C1); we denote the latter KB
by Kk. Observe that all positive assertions contained in one of the ABoxes of ICR[W Ba)
must also be contained in Kk:

e AQrpny € Agy follows from the facts that both tuples satisfy Condition (C3) and
Qrpy) 1s the minimal set satisfying that condition.

° ARF\aux[W] U ARFl Bg) UARHO C Ag; is a consequence of the following observations.
By definition, every 35(b) € Rf|aux)] is a consequence of a KB (O, Ag,), W; € W.
Since the given tuple satisfies Condition (C6) and we have «(n 4+ j) = j in that
definition, the assertion is also contained in Rf. ARFl (5] C Ag, follows from the
construction. Each 35(b) € Rf|, follows, by definition, from Bg|, together with
some A; (and Q). Since the given tuple satisfies Condition (C1), Ag must contain
all assertions in Bgo; since Condition (C6) is satisfied, the assertion is thus also
contained in Rf.

e All positive assertions in Arpw,5,] have to be positive in Ag, too, by the definition
of Arpw,8,) and the observations in the previous items. More precisely, we have
Bg|r € AR, Brjo € Ar, and that all positive assertions in (AR[W,&}] \B¢|R> \ Brio
are implied by a KB (O, ARF|<I>[B U AQpoy U Ai), @ € [0,n]. Since the latter
assertions occur in Kk, which is conmstent by assumption, the ABox type Ar also
contains the latter rigid consequences.

Hence, any difference between K and K%[W Ba] (i.e., focusing on the assertions in
IC??[W,B@] and disregarding additional assertions in Kk) must be due to negative rigid
assertions in ARpw,5,] that occur positively in Agr (because Ag is an ABox type) and
may cause the inconsistency of ’CE[W Bal' By providing a model for IC%[W Byl W show
that such assertions cannot exist. Since the given tuple satisfies Condition (C1) and

& contains all positive assertions occurring in ICR[W Ba]’ the KB [IC’é[W B@}]Jr, obtained
from ICR[W,B({)] by dropping the negative assertions, is also consistent. We focus on the
canonical interpretation Z of that KB and show that it also satisfies ’C?Q[W Bal’ We

. . . . . 7/
consider negative role and basic concept assertions in ,CR[W,Bq)]'

o Let =R(a,b) € Arpw B,)- We prove Z [= R(a,b) by contradiction, assuming that
some of the ABoxes in [ICR[W B }] contains a role assertion S(a,b) such that
O = S £ R. We thus consider the positive assertions in the ABoxes Arpw,By]
AQR[W], AQL(i) ) ARF[W’B@], and A; and argue with the definitions of these ABoxes.

Let S be rigid, first. We can disregard Aq,, and ARF[W,Bq)]’ since all rigid asser-
tions in the former ABox are also contained in AQR[W] and because the ABoxes
ARy 5, COnsists of do not contain assertions on two elements of Ni(K). Further,
(rigid) role assertions that contain only elements of Nj(K) are positively contained
in Arpy,B,) if they occur in Agg,, or are a consequence of a KB (0, A;), j € [0,n].
Together with the fact that S(a,b) € Aqg,, implies R(a,b) € Aqg,,, this yields
that the occurrence of S(a, b) in one of the latter ABoxes causes R(a,b) € Arpw 5y)]-
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6.3 First-Order Rewritings of r-Satisfiability

Since ARpw,B,] is an ABox type (i.e., only one R(a,b) or —R(a,b) is contained in
it), that contradicts the assumption.

If S is flexible, S(a,b) occurs in A; or AQ,;)» which implies that W, € W. By
the definition of Arpw,5,] and AQR[W]7 based on Qg and Definition 6.2, we then
get R(a,b) € Arpw,8,) or R(a,b) € Aqg,,, which also implies R(a,b) € Arpw,5,)
and thus a contradiction to the assumption.

o Let ~B(a) € Arpw,54)- If a € Ni(®), this implies ~B(a) € Ar by the definitions of
Arpw,Bs] based on By r and Bg based on Ag. Since Ag is an ABox type and the
given tuple satisfies Condition (C1), Lemma 2.12 yields Z’ [~ B(a), assuming Z' to
be the canonical interpretation of k. By our above observation on the positive
assertions in IC%[W’B@], this interpretation must also satisfy [IC%[W’B@]]*'. Hence,
B(a) cannot be a consequence of that KB, and Lemma 2.13 yields Z [~ B(a).

For the case a & Ni(®), we again proceed by contradiction and assume Z = B(a).
Lemma 2.14 then yields that there are positive assertions about a in the ABoxes
ARw.By] U AR, UA;, J € [0,n], that together imply Bj; the other ABoxes do
not contain assertions on such individuals. By that lemma, we can also disregard
ARHO since AR[w,5,] contains the relevant assertions. Note that assertions in A Rejo
only on elements of Nj(K) are always basic concept assertions. Then, Lemma 6.22
implies that we can actually focus on ARy 5,) alone and obtain B(a) € Arpw,By]-
This contradicts the assumption since Agrpy 5,] is an ABox type.

Since 7 is a model of [IC%[W B }]+ by Lemma 2.12 and we have shown that it satisfies all
PP

negative assertions in ARpw,5,], it is also a model of K%[W,B@]' Hence, our tuple satisfies
Condition (C1).

If one of Conditions (C2) and (C5) is contradicted, then Lemma 2.13 yields that there
is a homomorphism of the CQ that causes the contradiction into Z. Again, the above
observation that the positive assertions contained in ICiR[W’Bé] must be contained in Kk
is important. By Definition 2.11 and the semantics, every such homomorphism into Z
is also a homomorphism into the canonical interpretation of the positive part of k.
This contradicts the assumption that Kk satisfies Conditions (C2) and (C5), again by
Lemma 2.13.

It remains to consider Condition (C6), and we discern regarding the elements in
focus. Observe that, w.r.t. the ABoxes considered in that condition, the individual
names occurring in Ry, can only occur within AQR[W] UUwew Agyw » and those in
RE|o only in Arpw B4] U Up<i<p Ai-

e We regard the assertions in Rpjauw)- (=) For every 3S(ay) € Rpjauxy), and
thus a, € Ni*, the definition of R,y directly yields that there is a W; € W
such that (O, Ag,) = 35(ay). This solves the claim given that Condition (C6)
considers ¢ to be such that j = «(n + j).

(=) If there is a W € W such that (O, Agg,,, U Ay ) F IS(ay), ay € N, then
Lemma 2.14 implies that 3S(a,) can only follow from assertions involving a,. But
ay can be associated to a unique query ¢; € Qg that contains the variable y and
corresponding ABox Ay ; no other such ABoxes contains assertions on a,. This
implies ; € Qrpy)- By the definition of Qrpyy, there is a W' € W with p; € W’
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and, in particular, Ag, , implies all assertions on a, in AQR[W]' This shows that
3S(ay) already follows from Ag,,, (and O), which yields 3S(ay) € Rrjauxw)-

e We regard the assertions in Rpj,. (<=) If 3S(b) € Rfjo, then there is an in-
dex i € [0,n] such that (O, Brjo U A;) = 3S(b). By the definition of Arpy 5,], we
have Brjo € AR[w,B,], and hence obtain that (O, Arpy, e U Ai) = 3S(D).

(=) If (O, Arpw,B5)UA;) = 3S(b), then the definition of Arpy,5,] and Lemma 2.14
yield that the assertion follows from rigid assertions in Bgj, and several rigid
role assertions of the form R(b,a), R € Ng(O), each of which follows from a
KB (O, A;), j € [0,n]. But, for those rigid role assertions, we have that the
corresponding rigid basic concept assertions 3R(b) are contained in Bgj, by con-
struction. Hence 35(b) follows from Bg, (and O), and is thus contained in R,
by the definition of that set.

e We regard the assertions in Rfg[s,). Since the given tuple satisfies Condition (C6)
and, by the definition of Rrig[z,], IF and Rfp[z,) coincide regarding Ni(®), we
have that there is an i € [0, n] such that (O, Ag U Ag, U Ag,,, UA:) = 3S(a) iff
ES(a) S RF|<I>[B<1>] for all a € N|(<I)>.

(=) This direction then directly follows from the above observation that all posi-
tive assertions in ARrpw,8,] occur in Ag and A, € Agg-

(<) Since Ag is an ABox type, the fact that the given tuple satisfies Condi-
tion (C1) yields that all basic concept assertions that can be derived from asser-
tions in Agr or Ag, are also positively contained in Ag; note that these ABoxes
both contain only rigid assertions. Moreover, Bg contains all these rigid basic
concepts on elements of Nj(®) which are contained in Ag, by definition. Hence,
Lemma 2.14 yields that 3S(a) € Rf|g(s,) implies that there is an i € [0, 7] such
that (O, Arw,B4] U AQgpy U AQ, ) UA) = 3S(a).

Thus, Condition (C6) is also satisfied. O

In order to be able to specify rewritings, we next propose an approach to handle the
critical size of the ABox ARF\O'

Introducing Prototypes

To untangle the knowledge captured in the ABox .ARFlo and separate it from the in-

put data as much as possible, we introduce prototypes!!. Specifically, instead of the

names occurring in .ARHO, we consider prototypical, fresh individual names of the form
(5], ajg1s: agss0» €te., meaning [S] is used instead of a concrete individual name from
Ni(K). We collect all these new names in the set NP,

The ABox Asg for all S € N (O)\ Nrr represents a prototypical version of an ABox
Asspy with b € Ni(K) (see Section 6.1.2) and is obtained from Asg(;) as follows, where
b€ Ni(K) and ap,, a,g € N

e every R(b, ag) is replaced by R(b,aig)s),

"Not to be confused with the prototypical elements in canonical interpretations.
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6.3 First-Order Rewritings of r-Satisfiability

e every R(ay,,ap,s) is replaced by R(a[s]g, a[s}gs)’
e every B(ay,) is replaced by B(ajg,)-
For query answering regarding the adapted ABox, we propose the rewriting -#.

Definition 6.24 (-#) Let pro be a unary predicate that identifies exactly the elements
of Nlpro. For a CQ ¢ := 7.4, define the query ¢¥ := AT A Yfjjrer With

Yier ==\ | 7pro(s) Apro(t) = A\ (s =uV pro(u))
ReNg, R'eNg,
R(s,t)ey R/ (tu)ey
The ABox Agﬂo is defined as the union of the set Usg(q)e Repo A3g and the set that, for

each a € N occurring in the latter set, contains the assertion pro(a). &

The below lemma captures the intent of the rewriting.

Lemma 6.25 Let ¢ be a CQ and AU Ag, be one of the ABoxes AiR[W Bal’ where
i € [0,n+ k|. Then, we have

DB(AU Agg,) | ¢ iff DBIAU AR ) = ¢*.

Proof. Let ¢ := 37'.¢. (=) Based on a homomorphism 7 of ¢ into DB(AU Ag, ), we
define a homomorphism 7’ of ¢® into DB(A U A%Flo). More precisely, 7' corresponds
to 7 but maps elements from N[, which do not occur in Agﬂo’ to the corresponding
prototypes, which exist in the domain of DB(A U A%F\o) by the definition of A%Flo.

Let R(s,t),S(t,u) € ¢;R,S € Ng(O); «'(s) & N and 7'(t) € NJ'°, such that
the precondition of v evaluates to true under n’; otherwise, the implication clearly
holds. Recall that, an ABox AZR[W’B@] as considered (see the definition in the previous
section) only via Ap., refers to elements such as m(t) of Ni" that are associated to
named individuals—here, 7(s)—from N;(1C) \N;(®) (i.e., elements which are replaced by
7). By Definition 2.23, the assumption thus implies R(7(s), 7(t)), S(w(t), 7(u)) € Agg,,.
Together with the assumption that 7/(s) & N'*; the fact that -® replaces all of Nf"®®, and
only those, by prototypes; and 7’(s) = 7(s), given by the definition of 7', this means that
m(s) & Ni"®. Since m(s) occurs in the ABox Ap,,, we hence have 7(s) € Ni(K) \ Ni(®).
By the construction of -ARHO and the two role atoms contained in it, we thus must have
m(u) = m(s) or w(u) € Nj™e. This yields that either 7’(u) = 7/(s) or 7’(u) € N"° by our
definition of 7', which especially yields 7(s) = 7’(s). Hence, 7’ satisfies @fiter-

(<) Let ' be a homomorphism of ¢¢ into DB(AU A%Flo). We construct a homomor-
phism 7 of ¢ into DB(AU Apg,) and discern two cases. If 7' does map to elements of

NP, but not to elements of Ni(K) \ Ny(®), then it maps only to elements of NJ"°. This
is because atoms containing terms mapped to elements of NP can only be satisfied by
DB(AUA%F‘O) through assertions in A%HO, by Definition 2.23 and the fact that elements

of Nf™ do not occur in A; A% only contains individuals of Nf" and Nj(K) \ N;(®); and
Flo
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we assume ¢ to be connected. Furthermore, the elements of N['® in A%Flo are connected
in tree structures (see the definition of Ap,, in Section 6.1.2) and, for each such struc-
ture, there is at least one corresponding structure in ARF\O by the definition of .A%Ho.
We hence can define 7 to map to the corresponding tree elements in one such structure
which correspond to the ones that 7/ maps to.

It remains to consider the case that 7/ maps to elements of both N"® and N;(K)\N;(®).

First, we define 7 as 7’ w.r.t. all terms that are not mapped to elements of Nlpro. Note
that A%F‘o does not contain assertions which do not contain elements of N (see the

definition of Ag, ). By Definition 2.23, we thus have o € A for all atoms a € ¢ where
7'(a) does not contain elements of Nf"°. This particularly means that our definition of
7 is as required w.r.t. all those atoms.

For defining 7 on the terms not yet considered, we regard a term s in ¢ that is mapped
to an element of N|(C) \ Nj(®) and occurs in a role atom R(s,t) together with a term ¢
mapped to an element of Nlpro; since we assume 7’ to map to elements of both N|pro and
Ni(KC) \ Ni(®) and ¢ to be connected, such a role atom must exist. By Definition 2.23
and the fact that A does not contain elements of Nlpro, given by assumption, we have
R(7'(s),n'(t)) € A%F‘o.

Together, the definition of A%Ho and its dependence on Ap,, then yield that Agg,
is based on an ABox Asg(y(s)) such that S € Ny and 3S(n'(s)) € Rfjo; it contains
the assertion R(7'(s), ar(5)s), @r(s)s € NI and, for all R'(7'(s), (1)) € A%Ho, we
have R'(7'(s), a.1(5)5) € A3s(x(s))- The latter follows from the observation that, apart
from the ABox Asg(x/(s)), where 7'(s) is related to a,/ (45, no ABox A%Ho is based upon
contains an assertion that relates 7/(s) to an element of the form a;g, b € Nj(K). Thus,

the introduction of prototypes yielding elements of the form as)s does not change the
fact that all assertions in A%HO on both 7'(s) and agg must stem from € Asg(x(s))-

Note that we also get 7'(t) = ajg)g. We define 7(t) = a,/(5)g. Since the filter conjunct
is satisfied, we have that all role atoms R'(t,u) in which ¢ occurs contain only terms u
that are either mapped to 7/(s) or to an element 7'(u) € Nf™°. The former kind of role
atoms is satisfied by this definition of 7 by the above observation that all role assertions
in A%Flo that contain both 7'(s) and ag)g stem from Asg(q(s)).-

We regard a role atom of the other kind. Since this case is similar to the induction
case, we abstract from the given information by assuming 7'(t) = (3]s m(t) = Ap,
to be defined, and 35(b) € Rf,. Again, by Definition 2.23 and the fact that A does
not contain elements of Ni'°, by assumption, we have R'(7’(t),n'(u)) € A%Flo. By the

definition of A%ﬂo based on ABoxes of the form A3g, S” € Ng, which do not overlap in

the elements of N[ they contain, we get that R'(7/(t), 7'(u)) € Azg since the shape of
7' (t) indicates that it is contained in that ABox. By the same argument, we then get
R'(7'(t)),n'(u)) € Asg for all R"(7'(t),n'(u)) € A%Flo. Given the way the prototypes
are created and the definition of the ABox A3g, we can assume 7’'(u) to be of the
form 7'(u) = ag,¢, S € Ng. From 35(b) € Rf|, and the construction of Asg),
we know that the element ay,s € Nj™® exists and that R”(w(t),n(u)) € Aszg for all
R'(7'(t)), 7' (u)) € A3s. We thus can define 7(u) = a./(5),57- O
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If we apply this lemma in the following, we assume N to only contain the auxiliary
elements used in ARF|au><[W] and ARFl [Bg]’ meaning that we disregard the auxiliary ele-
ments from ARF\O’ which it contains according to the original definition. Also note that
Nf"e® does not contain elements from NP,

6.3.2 Rewriting Knowledge Base Satisfiability and Query Answering

We next adapt the rewritings qy,q(0) and PerfectRef(p, O) to incorporate the knowl-
edge from the auxiliary ABoxes. Observe, however, that for constructing auxiliary
ABoxes such as Arpw,5,] and Apg,, we need to decide entailment w.r.t. different KBs
already. Specifically, these tests include an index ¢ € [0,n| as parameter and regard
some of the other auxiliary ABoxes. For that reason, we first propose variants of
PerfectRef(p, O) that similarly incorporate the given CQ ¢ and ontology but also the
corresponding auxiliary ABoxes and that target our time-stamped database TDB(2l).

In the following, we assume that the CQs we consider only contain individual names
from Ny(®).

First Variants of PerfectRef(p, O)

The formula PRef(, )(i) represents PerfectRef(p, O) regarding TDB(2): Given a pa-
rameter i € [—1,n], it decides if ¢ is entailed by the atemporal KB (O, A4;). It is obtained
from PerfectRef(p, O) by replacing all atoms B(t) and R(s,t) by B(¢,7) and R(s, ¢, 1), re-
spectively. The correctness can be readily checked by considering the original semantics
of the query (i.e., O is correctly included/rewritten w.r.t. the interpretation DB(.A;))

and the fact that TDB(2) is defined such that TDB(2l) |= B(a, ) iff DB(A;) = B(a) for
all B € B(O) and i € [0,n], and correspondingly for all relations R in TDB(2() where
R € NR(0).

Lemma 6.26 For alli € [-1,n], (O, A;) = ¢ iff TDB() = PRef(,, 0) (7). O

The formula PRef (00|B! )(z) represents PerfectRef(p, O) regarding TDB(2() and B’m o
’ Rlo

for all j € [0,¢] with £ = |Br(O)|. We define:
o PRef(Sﬁ%O‘Bg‘O) (Z) = PRef(%o) (Z)

. PRef(@ O‘Bj-‘—l)(i) for j € [1,/] is obtained from PerfectRef(y, O) by replacing all
’ Rlo
basic concept atoms B(t), if flexible, by B(¢,7) and otherwise by

B(t,7) v /\ (t#a) A Elp'PRef(B(t),Owé )(p),
aENy (@) lo

and all role atoms R(s,t) by R(s,t,1).
Lemma 6.27 For all j € [0,4] and i € [—1,n]:

(0. Bl UA) |= ¢ iff TDB() | PRef 5 ‘0)(2’).
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Proof. The proof is by induction, based on the definition of the set Bgy,. For the base
case, where j = 0, the definitions of BR| o and PRef olBY,) yield that the equivalence

O,0UA; iff TDB(A PRef( is to be shown, which holds by Lemma 6.26.
< 2 (p,0)\2 Y
We regard 3 >0.
We assume (O, Bl UA;  and thus get DB(B U.AZ PerfectRef (y, O) by
R|o

Lemma 2.24. That is, there is a homomorphism 7 of PerfectRef (p, O) into DB(B]R‘ JUA)
and hence a CQ ¢’ in the UCQ PerfectRef(p, O) such that, for all atoms « in ¢/,
m(a) € le U A;, by the query semantics and the definition of DB(B Rlo Y A;) (see
Definition 2.23). For all these atoms, we show that 7 is also a homomorphism of the
corresponding replacement into TDB(2().12

e If a is a flexible basic concept atom B(t) or a role atom R(s, t), then 7(c) cannot be
contained in the set B€{|o containing only rigid basic concepts, by definition; hence,
we get m(a) € A;. The definition of TDB(2() (see Definition 6.21) then implies
that BPP contains the tuple (7 (t),4) or that RPE contains the tuple (7(s), 7(t), 1),
respectively. Thus, 7 is as required.

e Let o be a rigid basic concept atom B(t). If n(a) € Bé‘o, then the defini-

tion of B Rlo’ , especially the fact that B Rlo contains only individual names from

Ni(IC) \ Ni(®), yields that w(t) ¢ Ni(®) and that there is a k£ € [0,n] such
that (O, B]R|01 U Ag) E 7m(a). By the induction hypothesis, the latter implies
TDB(2) = PRef(ﬂ(a) OIBj_1)(k), which together with the former yields that 7 is

’ Rlo

also a homomorphism of the replacement into TDB(2() and thus as required.
If m(a) € A;, then BPB contains the tuple (7(t),4) by the definition of TDB().

(<) We argue correspondingly and consider a given homomorphism 7 and a satisfied
disjunct of PRef (0.0|B] )(i), which itself is a conjunction and, before our replacements,
’ Rlo

originally had been a CQ obtained from PerfectRef(p,0). We consider an arbitrary
conjunct « in that conjunction and show that =« is also a homomorphism of the atom
that has been replaced by the conjunct into DB(B%, U A;).

e If o has replaced a role atom R(s, t) or flexible basic concept atom B(t), then it is of
the form R(s, ¢, ) or, respectively, B(t,4). By the assumption that TDB(2) = 7(«)
and the definition of TDB(2l), we then directly get that R(w(s),w(t)) € A; or,
respectively, B(w(t)) € A;. Hence, 7 is as required w.r.t. the original atom and
the database.

e Let « be the replacement of a rigid basic concept atom B(t). If the first dis-
junct B(¢,7) in « is satisfied, we can argument as in the previous case. Other-
wise, we have TDB(2() Ep.PRef(B(W(t)%O'Bél_ol)(p) and 7w(t) ¢ Ny(®). But this

yields (O, ngol UA,) | B(n(t)) by the induction hypothesis. Then, we have

12\We assume the notion of homomorphism to be extended to the replacements, which may be nested
disjunctions of rewritings (i.e., PRef<%O‘BJR'?;1)(i) is a disjunction whose disjuncts are conjunctions

where each conjunct my be an inequality, a disjunction or, in turn, be recursively defined as to be
of that form) and equality assertions in the obvious way.
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6.3 First-Order Rewritings of r-Satisfiability

B(n(t)) € Bé‘ o> by the definition of Bf?l o> and hence again get that 7 is as re-
quired. ]

The formula PRef(, 0] Arpy s,)) (¢) Tepresents PerfectRef(¢, O) regarding TDB(2() and
ARW,B5]- It is obtained from PerfectRef(¢, O) by replacing

e all basic atoms B(t), if flexible, by B(¢,7) and otherwise by

( \/ (t = a)) V PRef(B(t),OIBR‘O)(i) V \/ (t = a) ;
B(a

)EBg R B=3R,aeN|(K),
R(a,e)EARqu)[B(D]

e all role atoms R(s,t), if flexible, by R(s,¢,7) and otherwise by
EIp.PRef(R(SJ)’O) (p) \V \/ (t E a) A (t — b)

R(a.5)€Aqqy,

Given the definition of ARrpw 5,] and the rewritings introduced above, it can be readily
checked that the adapted query decides if ¢ is entailed by the KB (O, Arpw 5] U Ai)-

Lemma 6.28 (O, Arpw,8,) U Ai) = ¢ iff TDB(A) = PRef (4, 0] agpy 5) (0)-

Proof. Since we construct the rewriting based on PerfectRef(p, O), Lemma 2.24 yields
(O, AR By) U A;) = ¢ iff DB(ARpw,B,] U A;) [= PerfectRef(p, O).

(=) We assume (O, Arpw,55) U Ai) = ¢, which hence means that there is a disjunct
¢’ in the UCQ PerfectRef(p, O) and a homomorphism 7 of ¢ into DB(Arpw,5,) U As).
That is, for all atoms « in ¢, we have m(a) € Arpy,8,] U Ai by Definition 2.23.

o If o is flexible, then we have m(a) € A; since Agrpwy s, contains only rigid as-
sertions. But then, 7 also fits our rewriting for that case, which addresses the
corresponding relation in TDB(2().

e If a is rigid and 7(a) € A;, then the definition of Bgj, yields m(a) € Bgy, if we
consider a basic concept atom. Thus, TDB(®I) satisfies either PRef (o) 0| By, y(7)
or PRef (r(q),0)(7), depending on the kind of atom, by Lemmas 6.26 and 6.27.
Hence, our rewriting is as required for this case.

For the remaining case where m(a) € ARrpy By, it can readily be checked that
the rewriting covers all parts referenced in the definition of Agrpy 5,], again using
Lemmas 6.26 and 6.27.

(<) We argument correspondingly and consider a given homomorphism 7 and a sat-
isfied disjunct in the UCQ PRef(cp,OMR[WY%])(i), which itself is a conjunction. That is,
it is a CQ obtained from PerfectRef(y, @) where the atoms are replaced according to
our above construction. We focus on an arbitrary such replacement for an atom « and
show that we have m(a) € Arw,5,] U Ai. By the definition of the replacements, the
replacement must be a disjunction, and at least one of its disjuncts must be satisfied
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under 7. If this disjunct refers to an assertion contained in BgR, .ARFl wisg)? OF AQR[W]’
then we have m(a) € Arpw,s,] by the definition of Arpy,s,]- If the disjunct refers to
the rewriting PRef, ¢), then Lemma 6.26 yields 7(a) € Arpw,gg]- In case it refers
to the rewriting PRef(ap‘BR‘o), then « is a rigid basic concept atom of the form B(t),
and Lemma 6.27 yields (O, Bg, U A;) = B(7(t)). Because of Brj, € Arw,5s], We
thus also have (O, Arw. s) U Ai) = B(w(t)). For that reason, Lemma 6.22 leads
to B(n(t)) € Arw,B5]- Thus, 7 is also a homomorphism of PerfectRef(y, O) into
DB(ARrw,5,] U A;) by Definition 2.23. O

The Final Versions of q,,,,,:(0) and PerfectRef(p, O)

We finally come to the rewritings we target. Recall that, for checking the conditions for
r-completeness (see Definition 6.8), we need to decide KB consistency and CQ entailment
by including, next to the input ABoxes 2 = (A;)o<i<n, several auxiliary ABoxes based
on the tuple defined at the beginning of this section. Specifically, we focus on the KBs
<(’),A’§[W73®]p> with ¢ € [0,n] and

i P ©
A??[W,&p] = AR[W,&D] U AQR[W] U AQ/,(i) U ARF\aux[W] U ARF|<I>[B(I)] U ARHO U A;.

Observe that the ABoxes AR[W,B@]vAQR[W] , ARF\aux[W] , ARF\‘I’[B¢]’ and A%Flo are constant,
whereas -AQLm and A; depend on the considered time point i. Since the auxiliary ABoxes
are not part of the input (of the r-satisfiability problem), we in the following adapt the
FO formulas gynsai(0) and PerfectRef(p, O) such that the two problems can be solved
by evaluating the respective formula over the input ABoxes alone (i.e., also without the
ontology), which are captured by TDB(2).

For all sets W C 2{P1pm} W € W, and By C {B(a) | B € B(O), a € Ni(®)}, which
are constant, we create the rewritings qupnsat(0|w,w,8,) (%) and PRef , o w5, (i), based
on quat(o) and PerfectRef (o, 0)%, respectively;'? -# represents a function that applies
the rewriting -® to every CQ in the given UCQ. That is, we adopt the approach proposed
by Lemma 6.25; in line with this, we also consider A%HO instead of ARHO' As in the
previous section, we provide replacements for the atoms in these two queries.

Since the database addressed by these queries contains only the individuals occur-
ring in the input ABoxes, but we want to include auxiliary elements from N2"*, N,
and NP, we especially have to consider the quantifiers, which quantify only over the
individuals in the original database. Note that this issue is not relevant regarding the
rewritings we proposed in the previous section because we assume all individual names
occurring in ® to also occur in the input ABoxes and, in that section, focus on auxiliary
ABoxes that do not contain names from N, Nf¢ and N"°. To this end, we now
consider each disjunct

qg=3x1,...,x0.0(x1,...,20) A Gfitter(T1, - - -, T¢)

contained in the original queries—because of the filter condition included by -, we do
not have UCQs anymore—, where ¢(z1,...,x) is a conjunction of atoms. The idea

3Note that we here use the subscript part W, W, Bs to describe the dependence of the rewriting on
the given parameters, whereas we have used the additionally included ABoxes above. For brevity,

0
we here do not use Arw,B5] U AQrpwy UAQ, i) Y AR i) U ARp o5, Y ARF\O'
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6.3 First-Order Rewritings of r-Satisfiability

is to duplicate ¢ several times such that we have 2¢ versions qo, ..., ¢ge_; of it, and to
augment the quantification of variables to consider also the elements in N2**UN"UN",
a constant number. We then replace ¢ by the disjunction go V -+ V gge_;.
Formally, for all j € [0,£ — 1] and k € [0,2¢ — 1], we consider the quantified variable
x; in g with
k=bo#2° + ...+ bjx20 4. by 27!

and drop the quantification if b; = 0. We then define

qr =T El/xg'rep(‘PAWfilterlwv‘/Vde’)(i)

where J'z; stands for 3x; if b; = 1, and for Vajenmonmeenee if bj = 0. For every
b € {0,1}, we denote by Qu(k) the set {z; | 0 < j < £ —1,b; = b}. The for-
mula rep(¢A§Dfilter|WawaB<I>)(i) is constructed by replacing every atom « in ¢ A fjrer by
rep(a[w,w,B8,) (%), in dependence of the form of o

e For all ¢ € Ni(¢) UNy(g):

N ) true ift € Qo(k),t = zj,a; € NP,
"€ (pro(t) W W50 (1) = false otherwise.

e For all s, € Ni(q) UNy(q):

s=t ifsteQi(k)UN/q),

rep(5:t|W’W’B¢)(i) = true if s,t € Qo(k), s =xj, t =xj, aj = aj,
false otherwise.

e The remaining kinds of atoms are covered in Figures 6.1 and 6.2.

Observe that neither the two above case distinctions nor the tables conditions ref-
erencing Ay AQu s ARp > and ARFI‘I’[B<1>] depend on the input ABoxes. Fur-
thermore, the definitions basically consider two different cases, depending on whether
the atom contains a variable which gets unquantified by our adaptation of the query.
If this is the case, then it has to be mapped to an auxiliary element, and hence
corresponding assertions (i.e., for the atom under consideration) can only occur in
AQR[W] UAg, U ARF|aux[W] U ARF\@[Bq,]; otherwise, the input ABoxes and Arpy 5,] are
also taken into account—by using the query PRef, o AR B])" The variables that get
unquantified by our adaptation and are associated to an element from Nfro represent
however an exception. For them, the input ABoxes have to be considered to ensure that
corresponding prototypical elements actually occur in .A%Fo. Also recall that the same
definitions apply for i = —1, where we assume the considered ABox A; to be empty.

The next lemma establishes the correctness of our translation of the original UCQs
over KiR[W,B@] into FO formulas over TDB(2().

Lemma 6.29 For all CQs ¢ over concept and role names in @, W C 2P1-Pm} worlds
W eW, sets By C U {B(a)}, and indexes i € [—1,n|, we have:

BEB(0),
CLEN|(¢)
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Conditions rep(B ()W, W,Bs) (1)
a;j € Ni*™, B(a;) € Aggpy, U Aqw true
a;j € Ni"*%, B(a;j) € ARrg o U ARe\a(5,] true

aj € NP, (0, Azs) k= B(a;), and a; = ajg)s,

EIa:.( N (x;éa)) A

aEN|(<I>)

dp.P Ref(ﬂy.S(m,y) ;OlARW,Bg]) (p)
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Otherwise false
(a) t € Qo(k) (t = ;)
Conditions rep(B(t”WW,Bq))(i)
t=a)| VBt
B ¢ Br(0) (B(G)XQ ( )) (t,1)
a€N|(‘I>¥V
Otherwise (B( )GY (t:“)> V PRef (51),014rpw,5)) (9)
a Q b
Ny (@)

(b) t € @1(k) UNi(q)

Figure 6.1: The replacement definition for all B € B(O) and ¢ € Ni(¢) U Ny (q).
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Conditions

reP(R(s,t)|W,W,B5) ()

aj,aj ¢ Nfro, R(ajv aj’) = AQR[W] UAgy U ARF|aux[W

pro
aj,ay € NI, R(aj,a5) € ARF\@[B(I,]

a; € NFYO, R(aj,aj/) € A3g and aj = asl,

| true

true

EIx.( /\ (q:;éa)) A
a€EN(P)

3p-PRef (3y.5(0,),014rpw.54)) (P)

Otherwise false
(a) s,t € Qo(k) (s=uzj, t=2xj)
Conditions FeP(R(s,t)|W,W,Bs) (1)
R(aj,t) € Aggpy U Ay | true
R(a;,t) € AReio184] true
Otherwise false
(b) s € Qo(k), t € Ni(q) (s = ;)
Conditions T€P(R(s,t) W, W,Bs) (4)
t="0)
e Naux \/ (
aj I R(a5,0)€ Aqgiyy; UAay, LENI(®)
t=0)
. Ntree \/ (
aj € N R(aj,b)€ARg g5, PENI(®)
N\ E#b)A
aj € NI, R(aj, [S]) € Azs, and a; = ags)s | beNi(®)
3p-PRef(Hy.S(t,y),(’)|AR[V\;,B®])(p)
Otherwise false
(c) s € Qo(k), t € Qi(k) (s =z5)
Conditions I’ep(R(sthW,W’Bq)) (Z)
R ¢ Nr (R \/ (s:a)/\(t:b)>\/R(s,t,z)
(a,b)GAQW,
a,beN;(®)
Otherwise ( \/ (S = a) VAN (t = b)) V PRef(R(s,t),O|AR[W,B¢])(i)
R(a,b)GAQR[W] 5
a,beN;(®)

(d) s,t € Q1(k) UNi(q)

Figure 6.2: The replacement definition for all R € Ng(O) and s,t € Ni(q) U Ny(q).
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b DB(A?‘?[W,BQ)]) ): Qunsat(0O) Zﬁ TDB(Q[) ): Qunsat(0|W,W,Bq>)(7;)'
. DB(A"R[WB@]) = PerfectRef (p, O) iff TDB(A) = PRef(, opw,w,8,)(1)-

Proof. (=) We assume DB(AfQ[W Bq,]) = ¢/, where ¢ is one of the two UCQs, and show
that TDB(() satisfies one of the queries in the disjunction representing the correspond-
ing rewriting. By the definition of -#, the semantics of disjunction, and Lemma 6.25, we
can equivalently assume DB(Ag,, qu)) E (¢')¥. Hence, there is a homomorphism 7 of
some query

¥ =31, x0.0(w1, .., ) A Bhitter (T1, -+ -, T)

contained in (¢')¥ into that database, where ¢(z1,...,z/) is a conjunction of atoms. By
definition, our translation of (¢')¥ further contains a query ¢ that is an adaptation of
q¥ and such that

k=bo*20 4 ... 4 bjx2 + .. by x2!

where b; = 0 iff 7(z;) € N U N UN™ for all j € [0,¢ — 1].

We show that, if it is restricted to Ny (gqx) U Ni(gx), 7 is a homomorphism of ¢ into
TDB(2).4 For that, we consider all conjuncts a of ¢* and replacements rep(a|w,w,B4) ()
introduced by our adaptation and prove that m(«) is satisfied by the database iff
T(rep(aw,w,B,) (7)) is satisfied by TDB((). Observe that this approach focusing on
those atoms in ¢® that contain quantified variables or individual names, and the cor-
responding replacements, is correct since the queries are Boolean. Furthermore, since
the case that 7(«) is not satisfied by the database can only occur w.r.t. the filtering
conjunct, it actually suffices to show implication regarding all atoms with predicates dif-
ferent from pro. By the assumption, the database satisfies the assertion 7(«), obtained
from a by replacing the variable(s) x in a by 7(x). By Definition 2.23, we thus get that
m(a) € A’R[Wﬁ@]p.

Regarding the case that o = pro(z;), the correspondence of the definitions of the
predicate pro and rep ., w,g,) (1) directly yields the equivalence. That is, 7(c) evaluates
to true iff repiqw w,B,) (1) = true, which means that the restriction of m (trivially) fits
in this regard. Note that the shape of these replacements yields that the adaptation of
Pfilter 1S basically a conjunction of equality statements (see Definition 6.24).

Regarding the other kinds of atoms, we focus on the types of the mapped ele-
ments. As mentioned above, the definitions of the replacement formulas overall de-
pend on whether the regarded atom contains a variable z;, j € [0,¢ — 1], such that
m(x;) € N U N U NP, For that reason, we assume a to be an arbitrary atom
containing such a variable z;, in all but the last of the below cases, where we show that
the above mentioned implication holds. The scheme of these proofs is the same: the
kinds of the considered elements (i.e., regarding all elements m maps a term of a to)
constrain the ABoxes to be considered, and the definition of rep 4 w s, (i) is based
on exactly those ABoxes.

o Let m(x;) € N{**UN|(ARy,,,)- That is, we also regard elements from Nj™ of the

form a,, o, where a; € Nf**. We hence must have 7(a) € Agg,, UAQw UARE L

Note that we have not defined the notion of homomorphism w.r.t. disjunction (V) and (in)equality
predicates in Definition 3.5, but the corresponding extension should be obvious.
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because the input ABoxes and ARr,5,] only regard elements of N;(K) and neither
AR p5,) 1O A%Flo contain elements of this kind. For the case that m(z;) € Nj™¢,
we obtain 7(a) € ARe .y Py analogous arguments and the fact that neither
AQgpy nor Agy, contains elements from Njee.

If o does not contain a variable that is quantified within gz, then we directly
get rep(q|w,w,B,) (1) = true, which is trivially satisfied by 7. For basic concept
atoms, this holds because we only have to consider 7(x;) and ARF|aux[W] does
not contain basic concept assertions on elements of Nj**. Regarding role atoms,
observe that m cannot map to elements of N{"°, since they do not occur within
AQR[W] UAg,, UA Re sy 20 that A Repauwpy) d0€S 1Ot contain role assertions with
individuals from Nj(K). The latter is relevant regarding the case where t € Ni(q)
(in the definition of the replacement), since we have Ni(gx) € Ni(®) and assume
N (@) C Ni(K).

If o next to x; contains a variable y that is quantified within g;—which means
we regard the case s € Qo(k),t € Q1(k)—, then we have 7(y) € Ni(K), by
the semantics, and that a is a role atom. Let a = R(zj,y), R € Ng. The
fact that Agg,,,, does not contain role assertions with individuals from N;(K)
yvields R(m(2;), m(y)) € AQgpy U AQy - Since repiqy w,s,)(4), for all assertions
R(m(2;),b) € Agpyy U Agy With b € Ni(®), contains the disjunct (y = b) and
elements from Nj(/)\N;(®) do not occur in this ABox, it also contains the disjunct
(y = m(y)). Hence 7 is obviously as required.

Let m(z;) € Nj"** N Ni(ARe g s,))-
form a;,,, where b € Ni(®)—the elements from N{™¢ that remain to be considered.
We then must have m(a) € AR 45, since that kind of elements only occurs in this

That is, we regard elements from N{™¢ of the

ABox. The arguments for showing that 7 satisfies rep o w,s,)(i) are analogous
to the ones applied for the case where 7(z;) € Ni"™® in the previous item. The
only difference now is that ARF‘ 5y CAD obviously contain role assertions with
individuals from Nj(K).

For m(z;) € N['°, we get m(a) € A%Fl , since the other ABoxes do not contain

elements from Nlpro, and can assume a; to be of the form a[s)o- Observe that,
then, no term is mapped to an element of N;(®) since .A%Ho does not contain such
elements (1). By the definition of .A%Flo, ajg]e is (unambiguously) associated to the
ABox Asg, one of the components of A%FO, which do not share elements of N°.
This yields 7(«) € Asg (2). The existence of the component A3g further implies
that there is an individual a € Ni(K) \ Nj(®) such that 3S(a) € Rf|,. By the defi-
nition of the latter set, there then is an index p such that (O, Brjo UA,) = 3S(a).
Lemma 6.27 thus yields that TDB(2A) satisfies PREf(Hy.S(z,y),OIBR‘O)(p)7 which is
a disjunct of PRef(gyis(%y)@MR[W,B@])(p). Note that, regarding role atoms, (1)
implies that the case ¢ € Nj(q) never applies.

If @ does not contain a variable that is quantified within g, then (2), a & Ny(®P),
and TDB() satisfying PRef 3, 5z 4),04rpv,5,)) (P) together yield that the replace-
ment rep(qy,w,8,) (@) is (trivially) satisfied under 7.
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If o contains a variable y that is quantified within g, we need to show 7(y) = [5],
in addition. In this case, we have 7(y) € N|(K) and that « is of the form R(x;,y),
R € Ni. This means that the assertion R(7(x;),7(y)) is contained in A%FIO and,

especially, in A3g(,), by the definition of .A%Flo and the above observation that
3S(a) € Rfjo- The (tree) shape of A5g(,) and the definition of .A5g, based on that
ABox, then imply R(w(z;),[S]) € A3s (and 0 = S), S € Ng.

e We consider the case where the variable(s) and term(s) in a are not mapped
to auxiliary elements of N2 U N U NP, which means they are mapped to
elements of Ni(C). If « is a flexible atom, then we have 7(«) € Ag,, U A; since
all other ABoxes contain only rigid assertions. In case 7(«a) € Ag,, , we can apply
arguments corresponding to (a subset of) those used for m(z;) € Nf** in the first
item. The other case, m(a) € A;, is covered by Definitions 2.23 and 6.21. That is,
the definition of TDB(2() based on A; yields that 7 is as required.

If a is rigid, then we have m(a) € Arpwy, By U AQR[W] U Ag,, U A; because Ap;
contains no assertion without auxiliary elements from N["¢. We can also dis-
regard Ag,, since its rigid assertions are part of AQR[W], by definition, given
that we assume W € W. Moreover, AQR[W] is addressed directly in the replace-
ment; that part is especially complete since AQR[W] does not contain elements of
Ni(C) \Ni(®). The other two ABoxes are covered by PRef, 0 4g (1), accord-
ing to Lemma 6.28.

W,Bg])

It can readily be checked that the above cases cover all kinds of elements 7 can map
to. These observations show that 7 is a homomorphism of all our replacements into
TDB(2l), and thus TDB(2l) = g;. Hence, TDB(2l) satisfies also our adaptation of (¢')?,
which was to be shown.

(<) We only sketch the proof for this direction since it is very similar to the above
one. Since it neither differs for the two items to be proven, we again assume ¢’ to be
one of the two UCQs that are rewritten. By the semantics and the definition of the
rewritings, we have a query ¢ in the given rewriting that is an adaptation of a query ¢*
in (¢')¥ and satisfied in TDB(2(). We thus have a homomorphism 7 of ¢ into TDB(2()
(i.e., w.r.t. the individual names and (existentially quantified) variables in gx) and show
that we can extend it adequately to cover the terms occurring in ¢%. Because, g is a
disjunction by construction, one of its disjuncts must be satisfied, by the semantics. We
regard the individual names a; from N** U NI UNP™ associated to the variables z; in
¢® and to that disjunct. In particular, we extend 7 such that m(z;) = a; for all these
variables and subsequently show that this definition satisfies our purpose.

We ignore the “filtering” conjunct of ¢¥, for now, and consider an arbitrary conjunct
representing the replacement for an atom B(t) in ¢¥, in the disjunct under consideration,
satisfied under 7 by assumption.

o If (t) € NP"*UN;{™®, then true must be the replacement and B(w(t)) contained in
AQrpw UAQ‘.’V UARHau)f[W] UARg g5, By Definition 2.23, it can readily be checked
that 7 then is as required.

o If (t) € N, then there are an S € Nz (O)\Ngr (i.e., ABoxes of the form A5g are
only defined for such roles), an individual a € N;(KC)\N;(®), and an index i € [0, n]
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such that (O, Arpw,5,] U A;) = 3S(a) by Lemma 6.28. By Lemma 6.22, all rigid
assertions about a that are consequences of that KB are contained in Arpwy,5,]-
By the definition of the latter, such assertions with a then are either contained
in Bg, or role assertions and consequences of a KB (O, A;), j € [0,n]; none of
the other parts of Arpw 5, contains an element a ¢ Nj(®), by their definitions.
Since Bgj, includes the basic concept assertions corresponding to the former role
assertions, by definition, and Arpy,5,) cannot contain flexible assertions, we hence
get (O, BrjoUA;) = 35(a) by Lemma 2.14. This means that 35(a) is part of R,
by definition, which yields Agg C A%F. We thus can again apply Definition 2.23,
to show that 7 is as required.

e For the case where 7(t) € Nj(K), Definition 2.23 can be applied regarding the first
disjuncts, referring to Qrpy)- Regarding the others, the definition of TDB(21) and,
respectively, Lemma 6.28 confirm the claim that the database satisfies B(m(t)).

The proof is similar for role atoms.

We lastly consider the “filtering” conjunct fier of ¢¥, which is a conjunction of im-
plications. By our extension of 7 in accordance with the individual names associated to
the disjunct under consideration and the definitions of the predicate pro and the replace-
ment of the corresponding atoms (i.e., those containing pro), we have that each atom
occurring in @y, is satisfied in the database under the extended = iff its replacement
is true and hence evaluates to true in TDB(2() under 7. Thus, our extension of 7 is as
required. Again, the proof for the equality atoms is correspondingly. O

6.3.3 Rewriting r-Satisfiability

Based on the specific FO rewritings of KB satisfiability and UCQ entailment developed
in the previous sections, we next define the FO formulas that capture r-satisfiability

based on r-completeness.
For all W C 2{P1pm} W € W, and By C {B(a) | B € B(O), a € Ni(®)}:

o fc1)(i) = “Gunsat(0pw,w,B) (1);
o fic2)(i) == Ny, cw ~PRef (o, op,wise) (0);

o flen(@) =N peqr, ~PRefyopwse (i)
1 witness query
for ¢ w.r.t. O

We integrate these formulas into the following abbreviation and subsequently describe
how r-satisfiability can be tested.

rSatyy, w8, (1) == fc1) () A foo) (i) A fios) (i)

Lemma 6.30 For all W C 21PvPm} where W = {Wy,..., Wi}, ¢: [0,n] — [1,k], and
By C{B(a) | B €B(O), a € N(®P)}, the tuple

(ARW,B4]s QriW]> QR BFW,Bs))

is r-complete w.r.t. W and v iff the following hold:
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e For alli € [0,n], we have TDB(A) |= rSatyw w, B, (i)
e For all W € W, we have TDB() = rSatw, w5, (—1).

o For all S € Ng(O) \ Ngg and a € Ni(®), we have 3S(a) € Bs iff there is an
1€ [O,Tl} such that TDB(Q() }Z PRef(ElS(a),O|W,WL(1;),B¢.)(i)'

Proof. We consider Definition 6.8. The tuple generally satisfies some of the conditions
by construction: Agrpwy 5,] is an ABox type; and Qgrpy) and ®Rpy) are in accordance
with Conditions (C3) and (C4). Furthermore, Lemmas 6.29 and 2.24 show that the
formulas in rSatyy wp, (i) as considered in the first two items cover Conditions (C1),
(C2), and (C5) adequately.

It remains to prove the equivalence between the satisfaction of Condition (C6) and
the last item. For Rpjauyw) and Rfjo, we have shown in the proof of Lemma 6.23 that
they satisfy Condition (C6) by construction, independent of that item. We therefore
focus on R p(s,)-

(<=) If the equivalence in the last item holds, then the definition of Rf|q(3,) based on
By and Lemmas 6.29 and 2.24 yield that 3S(a) € Rfjq(s,) iff there is an i € [0, n] such
that (O, Arpv,Be) U AQgpy U A, ;) U Ai U ARF|<1>[B{>]> = 35(a); note that Rejauxy) and
RF|, do not contain relevant assertions. However, by Lemma 2.14, all parts of ARF‘ (Bg]
relevant to obtain such a conclusion are contained in Arpy,5,), given the definition of
that ABox and that of ‘ARFI o[Bg]" Note that the latter does not contain basic concept
assertions on elements of Ni(®). We thus get that 3S(a) € Rfjo[p,) iff there is an
i € [0,n] such that (O, Arpw,B,] U Agpyy U A, U Ai) F 35(a), as required.

(=) It is easy to see that, given the definition of Rfp[3,] and Lemmas 6.29 and 2.24,
Condition (C6) implies the condition in the last item. O

6.4 Data Complexity

In this section, we show that the low data complexity of query answering in DL-Lite
does not increase dramatically in our temporal setting, for which we prove ALOGTIME-
completeness. Though, FO rewritability thus is lost. As it is shown next, this holds
already for the case without rigid names and regarding DL-Lite.,r.. The matching
containment result is presented thereafter and based on several results from the previous
sections.

6.4.1 Hardness

ALoGTIME-hardness can be shown by reducing the word problem of deterministic finite
automata to TCQ entailment. The idea is to encode the given word into subsequent
ABoxes and to emulate the state transitions in the TCQ, by requiring each to iterate
to the next time point and to hold at all considered time points. Further, the TCQ
considers the final state as a consequence of the latter, and the initial state is represented
in the first ABox. In this way, the TCQ is entailed iff the automaton accepts the word.
Note that we thus even do not need an ontology.

Theorem 6.31 TCQ entailment in DL-Lite.ore is ALOGTIME-hard in data complexity,
even if Nrc = 0 and Ngr = 0.
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Proof. It is well-known that every finite monoid M (i.e., a finite, closed set having an
associative binary operation and an identity element) can be directly translated (in log-
arithmic time) to a deterministic finite automaton (DFA) that decides the word problem
for that monoid, by regarding the elements of M as states and considering transitions ac-
cording to the associative operation.!> Moreover, for some such monoids (e.g., the group
S5), this problem is complete for LOGTIME-uniform NC! under LocT1ME-uniform AC
reductions [BIS90, Cor. 10.2]; and LoGTiME-uniform NC! equals ALoGTIME [BIS90,
Lem. 7.2].

We hence can establish ALOGTIME-hardness by considering an arbitrary DFA 9t and
reducing its word problem to TCQ entailment in logarithmic time. For that, we adapt
a construction of [Art+15a, Thm. 9].

Let 9t be a tuple of the form (Q, X, A, qo, F'), specifying the set of states @, the
alphabet X, the transition relation A, the initial state qg, and the set of final states F.
Regarding data complexity, the task is to specify a TCQ ®gy based on 9t and an ABox
sequence 2, based on an arbitrary input word w € X* such that: 90 accepts w iff
(0,20,) = ®on. We consider concept names A, and @, for all characters o of the input
alphabet ¥ and states ¢ € @, respectively, and define the following TCQ:

O =0p( N\ (Qqla) A As(a) = OFQy(a)) =\ Qqy(a).

q—oq €A qr€F

For a given input word w = 0y ...0p,—1, we then define the sequence 2, = (A;)o<i<n
of ABoxes as follows: Ay := {Qq,(a)} and, for all i € [0,n], A; := {Ay,(a)}. It is easy
to see that this reduction can be computed in logarithmic time.

Given that the semantics of TCQ entailment focus on time point n, it can readily
be checked that the model of ((),2,,) that satisfies the premise of ®gy at n represents
the run of 9 on w. Observe that there is only one such model relevant for entailment
since M is deterministic. Hence, MM accepts w iff all models of (0,2,,) that satisfy
the premise also satisfy the disjunction V, jeF Qq;(a) at n. This is equivalent to the
entailment (0, 2,,) = Pon. O

6.4.2 Containment

In this section, we finally provide an alternating Turing machine that solves our prob-
lem in logarithmic time based on Lemma 3.13. Since the latter considers satisfiability
problems in both LTL and the DL, we first introduce some notation and establish last
auxiliary results that facilitate our construction regarding the LTL part. The DL prob-
lems are solved by using the rewritability result from Section 6.3.

Separating LTL Satisfiability Testing

Similar to the algorithms proposed previously, our ATM is based on splitting the TCQ
satisfiability testing into separate tests, each considering only a subset of time points
(e.g., by regarding a set of formulas for each). Here, we again focus on ®P?; without loss
of generality, we assume it to be separated. Specifically, we further separate the future

15\We refer the reader to [BIS90] for details about monoids, groups, and the word problem in that
context.
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from the past formulas and then split the satisfiability testing of the latter. To this
end, we again abstract from the given formula, similar to the idea of the propositional
abstraction (see Definition 3.8).

Definition 6.32 (Propositional Boolean Abstraction)Let {qi,...,¢,} be a finite
set of propositional variables such that there is a bijection -P* mapping the top-level
future and past subformulas occurring in ®P? to elements of that set.!©

The propositional Boolean abstraction ® of ®P* w.r.t. -P* is the propositional formula
obtained from ®P? by replacing every top-level future and past subformula f in ®P?

by fPe. ¢
Additionally, we apply the following notation:

e We assume - to be the propositional Boolean abstraction of ®P* w.r.t. the bijec-
tion -”* mapping the top-level future and past subformulas f1, ..., f, contained in
®P? to propositions qi, ..., q, such that ¢; = fP* for i € [1,0].

e F and P denote the sets of replaced top-level future and past subformulas in ®P?,
respectively; that is, they form a partition of {f1,..., fo}.

e V denotes the set of all valuations v: {qi,...,q.} — {true, false} under which ®>*
evaluates to true.

e We represent each v € V also on the level of top-level formulas as follows:
PU={fi e Plv(q) = true} U{=fi| fi € P, v(¢q;) = false};
F? is defined analogously.

e For each W C 2{PrPm} and v € V, the set Fut(y . collects the worlds that
may represent the beginning of an LTL model (restricted to W) of the future
subformulas FV induced by v:

Fut(y ) = {W € W |30 = (w;)iz0, Vi > 1:w; EW,WE A\ f,wg =W}
fery

Note that all the above sets are independent of the data and can hence be regarded as
constant. The below lemma describes the intention and establishes the correctness of
our basic approach.

Lemma 6.33 Let W = {Wy,... , Wi} C oprpm} gnd wy, . .., wn € W. The ezistence
of an LTL structure 20 that only contains worlds from W, starts with wy, ..., w,, and
is such that 20,n = ®P?* is equivalent to the existence of a valuation v € V such that

® wy, € Futyy,) and

o (Woy ..., Wp,Wn,...),Nn }:/\fepv f.

6Note that such a set and bijection obviously exist for the propositional abstraction of a TCQ.
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Proof. (=) Given such an LTL structure 20, the valuation v can be obtained by check-
ing which elements of {fi,..., f,} are satisfied at time point n, and the LTL structure
needed for Fut(yy . is defined as the substructure of 2 starting at n. Note that the
satisfaction of the past formula A;cpo f in the LTL structure (W, -+« Wy, Wy, ... ) ab
time point n does not depend on any time point after n. We hence can choose arbitrary
worlds from W, such as w,,, for those time points.

(<) It is easy to see that 20 can be constructed by joining wy, ..., w, and the LTL
structure obtained from the fact that w, € Fut(y,), since the satisfiability of past
(future) subformulas at n is not affected by the worlds after (before) that time point.[]

As outlined above, we further separate the satisfiability testing regarding the past
subformulas. More precisely, we want to abstract similarly as for the future formulas
and regard sets of worlds representing the satisfiability of a given set of past formulas.
Since we however need to consider n specific such sets of worlds, we focus on t-compatible
types, sets of past subformulas that are, respectively, satisfiable in one LTL structure at
consecutive time points:

e A type for P is a subset T of Clo(P) U U <;<,{pi; —pi} that satisfies the following
conditions:

— for every f € Clo(P), we have f € T iff ~f ¢ T}
— for every f A g € Clo(P), we have fAge T iff {f,g} CT.

Observe that we explicitly consider an extension of the closure since there may be
propositions in {p1,...,pm} that do not occur in P, which are relevant when we
regard time point n.

e The set Typ(P) represents the set of all types for P.

e A type T' € Typ(P) is called initial if it does not contain formulas of the form
Opf and, for all fSg e T, we have g € T.

e A pair (T~1,T) € Typ(P) x Typ(P) is called t-compatible if the following hold:
— OopfeTiff feT !,
— fSg €T iffeither (i) ge T, or (ii) f €T and fSge T

Note that the decisions if a type is initial or if two types are t-compatible are independent
of the data. Similarly, the above introduced sets can be regarded as constant. The next
lemma shows that these new notions allow us to describe the satisfiability of the past
subformulas at n by the existence of a specific mapping «/, which, based on types,
distinguishes the worlds of an LTL structure. Note that this approach is in a certain
way similar to the mapping ¢ regarded with TCQ satisfiability in Lemma 3.13.

Lemma 6.34 For a set W C 2{P1pm} yaluation v € V, and worlds wy, ..., w, € W,
we have

(wo, -« y Wp, Wy, ... ), 0 = /\ f

fepy

iff there is a mapping ': [0,n] — Typ(P) as follows:
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e /(0) is initial and PV C J(n);
o for alli € [0,n], the pair (/' (i), (i + 1)) is t-compatible;
e for alli € [0,n], we have w; € /(i) N {p1,...,Pm}-

Proof. (=) The mapping ¢’ can be defined based on the first n worlds wy, . .., w, in the
given structure, by considering exactly the past formulas satisfied in it at the respective
time point. Note that other worlds do not have to be considered since the satisfiability
of the past formulas between 0 and n does not depend on other time points, after n. For
i € [0,n], this mapping is obviously compatible with the worlds w; (formalized by the
condition that w; € /(i) N {p1,...,pm}), and it also satisfies the remaining conditions
because of the temporal semantics.

(<) Given ¢/, it can be shown by induction over the time points i, starting with ¢ = 0,
that, for all f € Clo(P)UU;<i<m{pi, pi}, we have f € /(i) iff (wo, ..., wp, wn,...),i E f.
The condition on /(n) in the first item, which is assumed to be satisfied, then yields
the claim. O

Observe that the conditions in the lemma are largely independent of the data (i.e., of
n): Given a set W C o{p1Pm} which can be regarded as constant, it has basically to
be ensured that there are t-compatible types for the time points between 0 and n and
also corresponding worlds in WW. Most importantly, only two t-compatibility conditions
have to be satisfied regarding each of these types, and each of these conditions influences
only the selection of other types, in one direction of the time line—assuming the types
from the first item in the lemma are selected correctly. This allows us to iteratively
construct the mapping ¢/ in logarithmic time, by using an alternating Turing machine.

An Alternating Logarithmic-Time Turing Machine

We finally describe an alternating Turing machine that solves the TCQ satisfiability
problem in DL-Lite}t . in logarithmic time in the size of the input, under the assumption
that the ontology and the TCQ are fixed. Before describing the idea and going into the
details of this particular machine, we briefly present some general specifics of TMs
bounded by logarithmic time. The alternating version of such a machine is defined
in the usual way, as an extension that discerns existential and universal states (see
Definition 2.25).

Most importantly, the sublinear-time bound makes it necessary to provide a mech-
anism that allows the machine to reach all of the input in logarithmic time, which is
not possible with the usual sequential scanning. We therefore adopt the random ac-
cess model of [CKS81], where the symbols on the read-only input tape are accessed by
writing the address of the symbol to be read (in binary) on a specific address tape, of
which the TM then can access up to log! cells; [ represents the length of the input, and
the cells are assumed to hold the corresponding address. Next to those two tapes the
machine may use a constant number of read/write work tapes.'” To cover all the work

7Since Definition 2.25 is intended to introduce the concept of alternation on a higher level, we do not
consider several tapes in it. According to [AB09, Claim 1.6], this extension leads however only to a
quadratic increase in time.
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tapes, the transition relation is then adapted correspondingly, and a step of the machine
consists of reading one symbol from each tape, writing a symbol on each of the work
tapes, moving each of the heads left or right one tape cell, or not at all, and entering a
new state, in accordance with the transition relation.

We further apply the results of [BIS90] and assume that such TMs can do simple
calculations as specified below.

Lemma 6.35 ([BIS90, Lem. 7.1]) A deterministic log-time Turing Machine with
input of length | can

o add and subtract numbers of O(logl) bits,
e determine the logarithm of a binary number of O(logl) bits, and

o subtract binary numbers of O(logl) bits, compare such numbers, and compare them
to 0. ]

The idea of our machine 9t that decides the TCQ satisfiability problem integrates
most of the results from the previous sections:

e The problem is equivalent to the existence of an r-satisfiable set W € 2{P1--Pm} and
mapping (—focusing on propositions instead of CQs—such that ®P? is t-satisfiable
w.r.t. them (Lemma 3.13).

e r-Satisfiability is FO rewritable if a set Bg C {B(a) | B € B(O), a € N{(®)} is
considered additionally (Lemmas 6.30 and 6.9).

e t-Satisfiability can be decided based on a mapping 7’: [0,n] — Typ(P), which
focuses on types instead of propositions (Lemmas 6.33 and 6.34), in a modular
way.

The sets W and Bg are guessed in the beginning. The mapping ¢/ is constructed while
processing and such that it satisfies the conditions for t-satisfiability, and ¢ can be
obtained from it. Based on ¢, r-satisfiability is then checked in the last computation
steps.

Note that most states we consider do not depend on the input data, which means
that these computing steps do not influence the processing time significantly. On the
other hand, log(n + 1) specific states are crucial for our approach.

The mapping ¢/ is constructed in three phases. The two types ¢/(0) and //(n) are
existentially guessed initially. Then, 97 continuously first guesses a t-compatible pair
of types for the time points in the middle of the sequence for which // is to be defined
(e.g., 0,...,n in the beginning) and, second, splits this sequence into half.'® To ensure
that ¢/ is fully constructed, this splitting happens in a universal state and, afterwards,
a left and a right copy of 9 are responsible for constructing ¢/ regarding the respec-
tive subsequences—excluding the time points at the borders of the sequences, which
always have been guessed in previous steps. The copies proceed in this way until they

18For ease of presentation, we assume that n + 1 is a power of 2. If this was not the case, the ATM
would have to handle non-uniform divisions of the sequence 0, ..., n; this extension is possible but
would complicate the presentation.
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L

log(n+1)=4

Figure 6.3: A sketch of the computation of the ATM for n = 15. The number ¢ denotes
the current level of the computation tree. The nodes are labeled with the
index ¢ (in binary notation), which represents the computation path by des-
ignating the left border of the currently considered subsequence of 0,..., n.
The copy of the ATM designated by the marked node (i = 1000, ¢ = 3)
guesses a t-compatible pair (¢//(1011),/(1100)) of sets from Typ(P). The
ATM then splits into two copies and each of those proceeds with one of the
guessed types.

reach a sequence of two (consecutive) time points. For those, the types are then al-
ready given and, in particular, t-compatible regarding the respective other neighbor
time points, w.r.t. the sequence 0, ...,n. It thus remains to ensure that the given pairs
are t-compatible. Note that, in this construction, each value of / is guessed only once,
which prevents conflicting guesses for one time point. Moreover, the copies do not have
to know about the guessing that happens in other branches of the computation tree.
We below give an example of the construction.

Example 6.36 Figure 6.3 illustrates the computation of 9t given an ABox sequence
with n = 15. We focus on the construction of /. Note that all circles apart from
those in the bottom represent sequences of existential states followed by a universal
state, in which the machine splits into two copies. The binary numbers on the labels
are the starting (time) points of the respective sequences the copies are responsible for
(i.e., regarding the construction of /). In an initial existential state /(0) and (/(n) are
guessed. After guessing /(" — 1) and J/(%), /(0111) and ¢/(1000) in binary, 9%
splits into two copies that focus on the sequences 0,...,7 and 8,...,n, respectively.
The right copy thus regards ¢ = 1000 as start, in binary, and guesses a t-compatible pair
(i + 271 — 1), 0 (i + 2°71)) of types, //(1011) and ¢/(1100) in binary. Since all copies
proceed in this way, those at level £ = 1 focus on sequences of two time points for which
the types have been guessed before. 91 then accepts iff the corresponding pair of types
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is t-compatible, which means that ./ is as required w.r.t. t-compability, and there are a
set YW and mapping ¢ such that W is r-satisfiable w.r.t. ¢ and . &

After the last verification steps regarding ¢/ and two time points, each copy splits one
last time so that every resulting copy can be associated to one time point ¢ € [0,n].
Together, these copies then construct the mapping ¢ by guessing a world that is in line
with the type ¢/(i), such that w; e WN /(@) N {p1,...,pm}-

Recall that testing r-satisfiability amounts to checking the satisfiability of FO formu-
las w.r.t. TDB(2l); and that the latter problem is in ACY [BIS90, Thm. 9.1], a subclass
of LOGTIME. Hence, there are (deterministic) log-time TMs that decide the problems
we consider in this regard, and 91 can simulate these machines: for all W C o{prpm}
W eW, By C{B(a) | B €B(O), a € N(®)}, S e Ng(O)\ Ngg, and a € Ni(®), we
consider the machines imrsz,tw}w% and mPRefGS(aL OIW,W,Bg)" Observe that the overall
complexity of our algorithm does not change because the number of considered satisfi-
ability problems is constant and log(n) + log(n) = 2log(n). There are still two points
that deserve special attention.

Regarding the second item in Lemma 6.30, 9t has to consider satisfiability problems
w.r.t. the empty ABox (i = —1) for the elements of W, individually. To this end, it
splits into |W)| further copies that then verify the corresponding problems.

Regarding the last item in Lemma 6.30, we need to provide a solution to deal with
the n + 1 satisfiability problems to really obtain a constant number of satisfiability
problems to be considered. 9t therefore guesses additionally, for each 35(a) € Bg with
S € Nr \ Nrr, at which time point i TDB(2l) satisfies PRef 55(a),0/,w;,84)(7). The
elements of Bg for which a copy of 9t is responsible for are then propagated along
the branches of the computation tree. Note that this guessing specifically does not
consider all n + 1 time points at once but is done by dividing the set of assertions to
be considered with each relevant split of 9t (i.e., the splits represent the division of the
sequence 0,...,n).

Lastly, note that we assume the number n to be given with the input, written on the
input tape in binary, at the beginning of the tape, and to be separated from the other
input by a special marker symbol. This assumption is valid since n can be retrieved
from the input via an FO query (e.g., a database could provide the number n in a view
defined by the FO(<) query —3t.t > x). The general input, the temporal database
TDB(l), is assumed to be given in the format required by the auxiliary machines that
M simulates (i.e., Mrsatyy, 5, With input i for deciding TDB(2) = rSatyy w8, (1), etc.).

All information on ® and O is fixed and encoded into the ATM itself. To this end 90t
uses corresponding states, transitions, and several work tapes, next to the input and ad-
dress tape. Specifically, it comprises the tapes needed for the operations of Lemma 6.35;
those required to simulate the machines mrSatW’W’% and mpRefGS(a)’mW’W’B@) for all
W C 2lprepml W W, By C {B(a) | B € B(O), a € Ni(®)}, S € Ng(O) \ Ngg,
and a € Ni(®); and the below tapes. These tapes store the bounds of the sequence
considered by the corresponding copy of 9i:

Tape 1 the index ¢ of the left border of the considered subsequence of 0, ..., n, initially
set to ¢ := —1 and representing the branch of the computation tree;

Tape 2 the level £ in the computation tree.
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The number of work tapes is thus constant. Tape 1 requires log(n + 1) bits and Tape 2
requires O(loglog(n+1)) bits. For simplicity, we in the following use the term auxiliary
machines to refer to all the machines 91 simulates and also for the parts of 9t that
implement the operations described in Lemma 6.35.

We define the ATM as a tuple M = (Q, 3, I, g, A) (see also Definition 2.25):

e Q comprises all the states of the auxiliary machines and additional states that are
specified below.

3. comnsists of symbols for representing n, the marker symbol used for separating
n from the other input, and all symbols that may occur in the latter—its format
depends on the requirements of the auxiliary machines.

e I' comprises all symbols used by the auxiliary machines, especially those for im-
plementing the counters ¢ and ¢.

q € Q3.

Regarding the transitions, first note that, with each transition, we always focus
on one tape and assume the other tapes to remain the same (i.e., regarding such a
tape, the transition replaces the symbol under the head by that symbol and does
not move the head).

A then contains the corresponding extensions of all transitions considered in the
auxiliary machines and additional ones that we specify below, while describing the
processing of the machine.

As outlined above, the processing of each copy of 9 is based on sets W and Bg guessed
in the beginning. During the computation, additional information is characterizing the
copies—a subset of Bg and two types 1} and 7,.. Furthermore, a valuation v € V
is associated with each copy, to guess the type /(n) correctly, such that P¥ C /(n).
We implement this using corresponding states. Note that this is possible since the
characterizing information itself is independent of the input. Specifically, we assume all
states in Q apart from g to be of the form gy, where ¥ denotes a (possibly indexed)
tuple from a set © containing all tuples (W, By, B}, v, T}, T,) where:

o W C 2{P1Pm} guch that W # 0;

e By C{B(a)| BeB(O), ac N(®?)};

o By C {35(a) € By | S € Ng(O) \ Ngg};
e vEYV,

e T}, T, € Typ(P);

and similar tuples (W, By, By, v, T) with T € Typ(P). The latter are considered in
the last computation steps, which focus on a single time point. Note that we assume
that we also have corresponding versions of all states of the auxiliary machines; again,
this assumption is possible because the information is independent of the input. In the
following, we describe the processing of 9t in detail.
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e At start time, we have i := —1 and 97 is in state ¢y € Q3.

e M then can go to all states gy € Qy where ¥ = W, B, B, v,T1,T,) € ©, T is
initial, and P? C T,..
T, and T, represent ¢/(0) and ¢/(n), respectively.

e 1 then must go to all states gy as follows:

— V' =W, Bs, By, v, 11, T, )w, W € W: O uses the machine Misatyy ws, With
input ¢ to check whether TDB(() |= rSatyy, w8, (—1), rejects if this is not the
case, and otherwise accepts (i.e., we assume that there are a corresponding
existential and universal state, both without successor states).

— 1 is of the same form as v, but the corresponding state is existential; we
denote it by qg, € Q3: M proceeds as described in the following.

e MM increments the left index ¢ and further initializes the counter ¢ such that i := 0
and £ :=log(n + 1). We then assume 901 to be in a state gy € Q3 as above.
e 91 then continuously executes the below steps, while ¢ > 1:
— 91 updates £ := ¢ — 1. We assume 9 to be in a state gy € Q3 as above.
— Mt then can go to all states gy € Oy where

/ /
' = OV, BB T T o 10 1o

Bg) and Bg) represent a partition of By, and (T, T(") € Typ(P) x Typ(P)
is a t-compatible tuple.

Note that, if there is no such t-compatible tuple, then gy is rejecting since it
is existential.

— From each such state gy, 9 then must go to the two states gyu), gy € Q3
where

90 = (W, By, BY v, 11, TV),
") = (W, Be, BY 0, T T,),

and 9t updates i := i + 2¢ in the latter state.
In this way, we “store” the sets T} = /(i) and T} = ¢/(i +2° — 1) in the state after
each execution of the loop—as it was the case before the loop, after initialization.
e When ¢ has reached 1, 2 proceeds similarly one final time:
— M updates £ := £ —1. We then assume 9 to be in a state gy € Q3 as above.
— M then can go to all states gy € Qv such that

/ /
19 - (W7BCI>7B£I)7U7E7TT)B(1) B(”‘)v
o VP

the tuple (77,7)) is t-compatible, and Bg) and Bg ) represent a partition of
By,

If the tuple is not t-compatible, then gy is rejecting since it is existential.
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— 9 then must go to the states gya), gy € Q3 where IV = (W, Bo, Bg), v, Ty),

9 = (W, By, Bg),v,Tr), and 9t updates ¢ := 7 + 1 in the latter state. We
assume 1 to be in a state gy € Q3 where 9 = (W, Bs, By, v, T).

Note that we now have that £ = 0 and that T represents ¢/(7).
e M then can go to all states gy € Q3 where ¥ = (W, By, By, v,T),, and we have
w; € TNA{p1,...,Dm}-
Again, gy is rejecting if such a world does not exist since it is existential.
e O then can go to the state gy := gy if i # n; if i = n and wy, € Fut(y ), M can

go to the state gg» where ¥/ = (W, By, By, v, Ty, ; otherwise it rejects; in both
cases we consider gy € Q3.

e Lastly, 9 checks if the below conditions are satisfied, by using the corresponding
machines (i.e., M etc.) with ¢ as additional input.

rSatw,w;,Bg

— TDB(A) = rSatwy w8, (4)-

— For all S € Ng(O) \ Ngg and a € Ni(®) with 35(a) ¢ Ba:
TDB(RA) 7= PRef 55(a),0/W,w;,84)(7)-

— For all 35(a) € BY:

TDB(A) = PRef 55(a),0/W,w;,84)(7)-
If any of these tests fails, 91 rejects; otherwise it accepts.
A successful run confirms the satisfiability of ® w.r.t. K, as it is proven next.
Theorem 6.37 TCQ entailment in DL—Lz'teﬁ}'L'f)m is in ALOGTIME in data complezity,
even if Ngrr # 0.

Proof. We regard the TCQ ®, TKB K = (O, ), and temporal database TDB(2l) from
above. Recall that TDB(2l) is simply a different representation of the ABox sequence
2A = (A;)o<i<n and, particularly, of the same size.

Furthermore, it can readily be checked that 90T terminates in logarithmic time in the
size of the input:

e the number of states one copy of 91 passes in one run of the loop is constant and
the loop is run log(n + 1) — 1 times;

e the number of all other states explicitly mentioned above is also constant, and
these states are passed at most once by a copy of IM;

e all other states passed by a copy are due to calculations as in Lemma 6.35, based
on existing log-time TMs.

We thus have that
the ATM 9t accepts the input n and TDB(2l) (in logarithmic time) iff

there are sets W = {Wy, ..., W} C 2{PrPm} and By C {B(a) | B € B(O),a € Ni(®)},
a valuation v € V, a mapping ¢': [0,n] — Typ(P), and worlds wog,...,w, € W as
follows:
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e for every W € W, we have TDB(l) = rSatyy, w5, (—1);

e //(0) is initial and P C //(n);

e for every i € [0,n], the pair (¢/(¢),/(i + 1)) is t-compatible;
e for every i € [0,n], we have w; € /(i) N {p1,...,pm};

o wy € Futpy ,);

e for every i € [0,n], we have TDB(!) = rSatw v, B, ();

o for all S € Nz (O) \ Ngg and a € Ni(®), we have:
3S(a) € By iff there is an i € [0,7n] such that TDB() |= PRef 35(4),0/w,u,;,85) (1)

By Lemmas 6.34 and 6.33, this is equivalent to the existence of sets W and w; as above
and an LTL-structure 20 as follows:

e 2 only contains worlds from W,
e 20 starts with wy, ..., wy,,
o W, n = PP2.

Moreover, because of the condition that each w; is an element of W, the sequence
wo, ..., W, can equivalently be expressed by a mapping ¢: [0,n] — [1,k] such that
w; = W, for all i € [0,n)].

The fact that the above is equivalent to the existence of sets VW and ¢ such that ®P?
is t-satisfiable w.r.t. W and ¢, and W is r-satisfiable w.r.t. + and K then follows from
Definition 3.11 for t-satisfiability. Regarding r-satisfiability, we can apply Lemmas 6.23
and 6.30 describing the existence of an r-complete tuple w.r.t. WW and ¢ and Lemma 6.9
linking this to r-satisfiability of W. Finally, Lemma 3.13 yields the equivalence to
the satisfiability of ® w.r.t. K. The claim thus follows from the fact that the class
ALOGTIME is closed under complement (see [CKS81, Thm. 2.5]). O

We have thus completely classified TCQ entailment in several Horn fragments of
DL-Lite regarding different settings with rigid symbols. In summary, we have shown
that the main features of these logics, conjunction, inverse roles, role hierarchies, and
unqualified existential restriction do not lead to “critical” interaction with LTL. This
holds for both combined and data complexity. While the former stays the same, the
latter only increases from in ACY to ALOGTIME-completeness.
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7 Temporal Query Entailment in DL-Lite, Beyond
the Horn Fragment

In this chapter, we show that for the Krom and Bool fragments of DL-Lite, the com-
plexity results from Chapter 6, which focuses on the Horn fragment, do not apply any
more, even if role hierarchies are disregarded. TCQ entailment actually gets as hard as
for very expressive DLs such as SHQ, and even harder.

We regard a Boolean TCQ ® and a TKB K = (O, (A;)o<i<p) written in a DL between
DL-Liteyom and DL—Litez'éol, depending on the context, and investigate the combined
and data complexity in Sections 7.1 and 7.2, respectively. Throughout the chapter, we
use the notation of Section 3.2.

7.1 Combined Complexity

For determining the combined complexity results, we first show a key observation: TCQ
entailment in DL-Litey,, can be reduced to the problem in DL-Litegqom,. Specifically,
the restricted disjunction allowed in DL-Liteg..,, together with TCQs allows to express
several kinds of very expressive GCIs. The former then follows as a corollary and di-
rectly yields some hardness results based on atemporal query entailment for DL-Litey,,.
Subsequently, we investigate the combined complexity covering the different cases w.r.t.
the rigid symbols.

As in the previous sections we often proceed according to Lemma 3.13 for obtaining
containment results—for DL-Litegqym. We therefore close this introduction with an
auxiliary result on the satisfiability of conjunctions of CQ literals, which is important
in this context.

Satisfiability of Conjunctions of CQ literals

We show that, for a Boolean TCQ that is a conjunction of CQ literals, the satisfiability
w.r.t. a classical KB can be decided in EXPTIME w.r.t. combined complexity. This
can be proven using a reduction to UCQ non-entailment by instantiating the positive
literals, as we did it for L (see the proof of Lemma 5.1). This approach is independent
of the DL and proposed in [BBL15b] (see the proof of Theorem 4.1 in that paper).

Lemma 7.1 For a Boolean conjunction U of CQ literals and a (atemporal) knowl-
edge base KK = (O, A) in DL-Litegom, the satisfiability of ¥ w.r.t. K can be decided in
EXPTIME w.r.t. combined complexity.

Proof. As outlined above, the idea is to reduce the problem to UCQ non-entailment
by instantiating the positive literals, as it is described in the proof of Lemma 5.1.
The EXPTIME complexity for DL-Liteyyom,m then follows from the fact that UCQ non-
entailment w.r.t. a set of facts and so-called frontier-one disjunctive inclusion depen-
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GCI TCQ
JR.A; C Ay =3z, y.R(z,y) A A1(y) A Aa(x)
A1 CVR. A -3z, y.A1(x) A R(J: y) A Az (y)
A MAR C AU UApyy | 230 A1 () A A A (2) A A1 (2) A Ay (2)

Figure 7.1: The representation of complex GClIs in DL-Litegy, by TCQs.

dencies can be decided in EXpTIME [BMP13, Thm. 8]. This kind of dependencies are
first-order formulas of the form VZ.p(Z) — \/le Iy.4i(Z, i), where ¢ is a conjunction
of binary atoms, all ¢; with ¢ € [1,/] are binary atoms, & and all g; where i € [1,/]
are pairwise disjoint sets of variables of cardinality two, and Z C ¥ has maximally a
cardinality of one. Observe that ClIs of the form AM B C L cannot be expressed with
such dependencies. However, considering A’ to be an ABox containing instantiations
of the positive CQ literals and ¥’ to be the disjunction of the negative ones, the en-
tailment (O, AU A’) E ¥ is equivalent to (O', AU A") = ¥’V ¥ where O is the
maximal subset of O that does not contain the Cls of the form AM B C 1, and ¥, is
a disjunction containing a CQ Jz.A(z) A B(x), for each of these Cls. It is easy to see
that the combined complexity of in EXPTIME is retained by this reformulation. O

7.1.1 Reducing DL-Litey,, to DL-Lite,,, Entailment

We show that CIs with disjunction that are of the form T T AL A, which are allowed in
DL-Litegrom, together with TCQs can express several kinds of GCIs that are not allowed
in DL-Liteyom and especially cover DL-Liteyy,; (see Figure 7.1). More precisely, we use
TCQs that are negated CQs to rule out the satisfaction of combinations of concepts if
it would contradict such a GCI. To describe these combinations, we use (fresh) symbols
of the form A, representing the complements of given concept names A; that is, CIs as
the above one and corresponding disjointness axioms are added to the ontology. The
following lemma specifies our approach.

Lemma 7.2 Let (C T D,—y) be one of the pairs of a GCI and a TCQ given in Fig-
ure 7.1, and let T be a model of T C A; LUA; and A; 11 A; T L for all concept names A;
occurring in D. Then, we have that T = C T D iff T = —¢.

Proof. (=) We assume Z [~ —p, which yields Z = ¢, and hence that there is a
corresponding homomorphism by Definition 3.5. Especially, observe that the atoms in
the CQ ¢ always refer to the concepts and roles of the corresponding GCI C' C D in the
same way, so that C' and —D are modeled in the CQ. Thus, the shape of ¢ together with
our assumption that Z satisfies the CIs w.r.t. D and the semantics of the constructor V*
yield that there is an element e in the domain of Z such that e € CT and e ¢ D. This
directly yields C* ¢ D*, and thus Z [~ C C D. (<) The proof for this direction is by
dual arguments. O

We thus can use GCIs as described above in the ontology we construct for proving
hardness of TCQ entailment. More precisely, by the above lemma, we have:

(O, (Ai)o<i<n) E @ iff (O, (Ai)o<i<n) F ((OpOF¥) — @), where
In an interpretation Z = (A%, .T), a concept VR.C is interpreted as {z € AT | V(z,y) € R* : y € CT}.
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e (0 is obtained from O by removing all GCIs of the forms listed in Figure 7.1 and
adding the CIs to express the corresponding complement concepts, and

e WU is the conjunction of the negated CQs simulating the removed GCls.

With the same construction, ® is satisfiable w.r.t. (O, (A;)o<i<n) iff (OpOp¥) A @ is
satisfiable w.r.t. (O, (A;)o<i<n). This means that we can also use CIs of DL-Litep,; in
DL-Liteyyop, for our purpose, which yields the following corollary.

Corollary 7.3 TCQ entailment in DL-Litey,, can be polynomially reduced to TCQ
entailment in DL-Liteg om,.

This result implies that TCQ entailment in DL-Litep,,; can be decided by applying algo-
rithms solving the problem for DL-Liteg,,,, and that the complexity does not increase.
On the other hand, we can apply the kinds of GCIs from Figure 7.1 when proving
hardness results for TCQ entailment in DL-Liteg,,,. Additionally, observe that more
complex GCIs with nested conjunctions and disjunctions can be reduced to those forms
by introducing appropriate abbreviations, as long as qualified existential restriction (i.e.,
in concepts of the form IR.A) only appears on the left and qualified value restriction
(i.e., in concepts of the form VR.A) only on the right-hand side.? This is demonstrated
in the following example; note that the transformation therein is polynomial.

Example 7.4 The GCI
A1 UA UFR1. A3 C Ay VR1.<A1 M ElRQ)
can be expressed by the following GClIs, assuming Af, ..., A- to be fresh concept names:

A12A4|_|AI, AQEA4|_|A/, A%EA4|_|A/,
JR1.As C Ay, Ay CVRy.AL, AL C Ay, AL C 3Rs.

These GCIs can then, in turn, be simulated by negated CQs as described in Figure 7.1.$

We hence can also apply such complex GCIs in the following proofs; with all these
applications, we will outline the corresponding transformation.

7.1.2 Without Rigid Names

Given the results from the previous section (see Corollary 7.3), we directly get two
rather strong hardness results from atemporal query answering, even without consid-
ering rigid symbols. More precisely, the EXPTIME-hardness of UCQ entailment in
DL-Litepye; [Bou+16, Thm. 8.2] and the 2-EXPTIME-hardness of UCQ entailment in
DL-Lite}!; [Bou+16, Thm. 8.1] yield corresponding hardness results for TCQ entail-
ment in DL-Liteg, o, and DL—Liteﬂnom, respectively.

Corollary 7.5 Regarding combined complexity, TCQ entailment is

e EXPTIME-hard in DL-Liteg,om and

2Recall that qualified existential restriction on the right-hand side can be expressed in DL-Lite if role
inclusions are allowed (see the beginning of Chapter 6). But we disregard those here.
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o 2-ExpTIME-hard in DL-Litelt,
even if Nrc = 0 and Nrg = 0.

Note that TCQ entailment in SHZQ can be decided in 2-EXPTIME, including rigid
symbols [BBL15a, Thm. 12]. Since DL-Lite]},, is a subset of this DL, we can focus on
DL-Litegrom and DL-Litey,o; in the remaining considerations w.r.t. combined complexity.

Regarding the case without rigid symbols, Lemma 3.13 yields that TCQ satisfiabil-
ity can be decided in exponential time, given the above auxiliary results. Hence, the
entailment problem can be solved similarly.

Theorem 7.6 TCQ entailment in DL-Litey,, is in EXPTIME in combined complexity
if Nrc = 0 and Ngg = 0.

Proof. By Corollary 7.3, it suffices to describe a decision procedure for DL-Liteg om,
which can be done by following Lemma 3.13. Assuming ® to be satisfiable w.r.t.
(O, (Ai)o<i<n), we in the following show that we can construct a set W C 2{P1Pm} a5
required by the lemma. By Lemma 3.7, we can restrict the focus to the TKB (O, () and
hence disregard ¢ by Fact 3.15. To check the r-satisfiability of a set W = {W1,..., Wy}
as proposed in Lemma 3.14, it suffices to check satisfiability of the conjunctions Xz(‘i) with
i € [1, k] individually by Lemma 3.16—without rigid names, it is impossible to enforce
any dependency between the elements of W. Hence, it suffices to define W as the set
of all those of these sets for which y; is satisfiable w.r.t. O. According to Lemma 7.1,
this can be done in exponential time.

The deterministic definition of W as the maximal possible set satisfying the conditions
implies that Lemma 3.13 applies by Fact 3.15, which means that the procedure is sound
and complete. We thus can decide TCQ satisfiability in deterministic exponential time
in the size of all the input. The same then holds for entailment. O

7.1.3 With Rigid Concept Names

Regarding the case with rigid concept names but without rigid role names, we show that
TCQ satisfiability is NEXpPTiME-hard. In fact, this is a direct consequence of the proof
of Theorem 4.8, where NEXPTIME-hardness is shown for the satisfiability problem of
formulas in DL-Litep,,-LTL, similarly regarding rigid concept names. In a nutshell, the
proof combines the nondeterminism and exponentiality expressible in LTL with the DL
features: the rigid symbols may “save” the nondeterministic choices invariant to time
and CIs allow to express constraints on them.

The proof of Theorem 4.8 is a reduction from a NEXPTIME-hard variant of the
domino problem, constructing a corresponding DL-Litepm-LTL formula ®p ;. Given
the following two observations, ®p ; can be regarded as a TCQ and, taking a DL-Litegom
ontology O as specified below into account, the result can be directly applied here:

e The assertions in the constructed DL-Liteyor,-LTL formula ®p ; are of the form
A(a) for A € Nc and a € Nj and hence can be regarded as CQs.

e The CIs occurring in ®p ; are of the form T & Ay, Ay E L, or AiM-- 1A, E Appq,
Ai1,..., A1 € N¢, and thus Lemma 7.2 yields that they can be replaced by
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negated CQs according to Figure 7.1 without affecting the semantics (see also the
part above Corollary 7.3). O then collects the CIs that constrain the interpretation
of the auxiliary names w.r.t. their complements.

Theorem 7.7 TCQ entailment in DL-Liteg o s CO-NEXPTIME-hard w.r.t. combined
complexity if Nrc # 0, even if Ngg = 0.

For proving containment in CO-NEXPTIME regarding DL-Litep,,;, we apply Lemma 3.13
and the above auxiliary results again. The crucial point for investigating TCQ satisfia-
bility regarding the lemma is the satisfiability testing of the conjunctions of CQ literals,
looking for models that agree on the interpretation of rigid concepts. But we can guess
all combinations of rigid concept names that are instantiated in some of these models
together with one such combination, for each named individual in the TKB, in expo-
nential time. If we include this information, we can separate the satisfiability testing of
the different conjunctions, according to [BBL15b, Lem. 6.2].

Theorem 7.8 TCQ entailment in DL-Liteyoo; is in CO-NEXPTIME regarding combined
complezity if Nrr = 0, even if Nrc # 0.

Proof. We regard the satisfiability of ® w.r.t. K, focus on DL-Litegom (see Corol-
lary 7.3), and argument based on Lemma 3.13.

e As in the proof of Theorem 7.6, we can assume K to be of the form (O, ), since
integrating the ABoxes into the TCQ does not influence combined complexity. By
Lemma 3.7, we can assume K to be of the form (O, (), since the integration of
the ABoxes into the TCQ does not influence combined complexity. This means
that the selection of an appropriate mapping ¢ is trivial because ¢(0) can be chosen
arbitrarily and hence such that W, g) is contained in the set VV we construct below;
recall that W must not be empty (see also Fact 3.15).

e We can obviously guess a set W C 2{P1-Pm} in exponential time, and the same
holds for checking t-satisfiability of ®P* w.r.t. this set and a corresponding map-
ping ¢ [BBL15b, Lem. 4.12].

e For checking r-satisfiability, we guess a set 7 C 2NRe(O) | which specifies the com-
binations of rigid names that are allowed to be satisfied by domain elements in the
models of the considered conjunctions, and a mapping 7: Nj(®) — T that fixes
the rigid concepts each individual occurring in K instantiates—mnote that there are
similarities to the ABox types we considered in the previous sections. Based on
7, we define a polynomially-sized ontology O, and CQ %, of exponential size, as
follows:

Or :={Ar()) =Cry laeN(@®)}U | J {TCAUA ANALC 1},
A€ENRc(0)

hr = /\ Ar(a)(a)

a€N|(f1>)
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where = is an abbreviation for both T and J, and Cp with T C Ngc(O) is
defined as C7 := [4er A N laenpc@0\r A. We further say that an interpreta-

tion J = (A7, -7) respects T if
T ={T C Ngc(0) | 3e € (Cp)7}.

In [BBL15b, Lem. 6.2], it is shown that W is r-satisfiable w.r.t. K iff there are a
set 7 and mapping 7 as above such that each conjunction x; A ¥, with ¢ € [1, k]
has a model w.r.t. OUQO; that respects 7. The proof considers the DL SHQ, but
similarly holds regarding DL-Litegyom,.

Although it seems that the claimed NEXPTIME result then directly follows from
Lemma 7.1 stating that conjunctions of CQ literals can be decided in exponential
time, this is not the case. The inclusion of 7 causes an exponential blowup (i.e., the
fact that it is to be respected). For that reason, we consider the proof of [BMP13,
Thm. 8], which addresses UCQ entailment, in more detail; recall that we refer
to that theorem in the proof of Lemma 7.1. In that paper, an exponentially
large looping tree automaton is constructed that recognizes exactly those (forest-
shaped) canonical models of the KB—in a wider sense—that do not satisfy the
given UCQ. We integrate the check that the interpretations respect T into the
automaton. To this end, we adapt the automaton to accept arbitrary models. Still,
the restriction to tree-shaped models is without loss of generality. Then, we restrict
the state set to consider only models where every domain element satisfies some Cp
with T' € T. To ensure that each T' € T is represented somewhere in the model,
we specifically check |T| variants of this automaton for emptiness, each of them
includes an ABox of the form {A(a) | A € T} U{A(a) | A € Nrc(O) \ T}, where
a is a fresh individual name, and is of polynomial size. The disjoint union of all
resulting interpretations is still a model of the original KB that does not satisfy the
UCQ (i.e., if none of the variants satisfies the emptiness check, then there is such
an interpretation for each of them). It can readily be checked that this modified
procedure for deciding UCQ non-entailment is sound and complete given the result
of [BMP13, Thm. 8]. The satisfiability of the conjunctions thus can be decided in
exponential time, because the constructed automata are of exponential size and
emptiness of looping tree automata can be decided in polynomial time [VW86,
Thm. 2.2].

The co-NEXPTIME result for TCQ entailment then directly follows from the above
considerations. O

7.1.4 With Rigid Role Names

The previous section has shown that the LTL features for discerning exponentially
many time points and nondeterministically selecting axioms at each of them lead to
NExpTIME-hardness if the DL part provides nondeterminism as allowed in DL-Litegom,
and rigid concept names; the latter allow to correspondingly discern exponentially many
concepts and hence kinds of individuals that can be addressed invariant to time. In this
section, we show how rigid roles may augment this interaction and add an exponential
factor to the complexity. The point is that the LTL allows to loop over the exponentially
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many time points—this is not due to the new features—and the rigid roles allow to
relate exponentially many corresponding individuals invariant to time. This yields an
infinite chain whose sequence of individuals mirrors the repeating time points, so that
exponentially many subsequent individuals differ in the kind. Since individuals of one
kind can be addressed in the ontology at a distinct time point in the loop, they can
influence all their successors in the chain independently of individuals of a different
kind—also, regarding rigid symbols. In what follows, we show that this interaction leads
to 2-ExPTIiME-hardness of TCQ satisfiability. Recall that containment in 2-EXPTIME
follows from the corresponding result for the DL SHZQ [BBL15a, Thm. 12].

We prove 2-ExpPTIME-hardness of TCQ satisfiability and hence entailment by re-
ducing the word problem of exponentially space-bounded alternating Turing machines.
The idea is based on the features outlined above. More precisely, a chain as described
may represent a computation of the machine, and the exponentially long consecutive
sequences of individuals of different kind represent its configurations. The nondeter-
minism provided in DL-Liteg,,, allows to require additional rigid relations according to
the transition relation and hence to model the entire computation tree.

Note that the latter is not possible in, for example, £L£-LTL, DL-Litep,o-LTL, or with
TCQs in £L, for which we similarly have NEXPTIME-hardness, but also completeness.

Theorem 7.9 TCQ entailment in DL-Liteg o is 2-EXPTIME-hard w.r.t. combined
complexity if Nrg # 0.

Proof. We adapt a reduction proposed in [BGL12] (see the proof of Theorem 4.1),
where the word problem for exponentially space-bounded alternating Turing machines
is reduced to the satisfiability problem in ALC-LTL with global GCIs and rigid names.
While the assertions in the proposed ALC-LTL formula can be directly regarded as
conjuncts of a TCQ, the global GCIs cannot all be transferred into a DL-Liteg,,, on-
tology since ALC is much more expressive than DL-Litegqy,. However, we show how
some of the critical GCIs can be adapted to comply with the shapes given in Figure 7.1,
and how the remaining ones—with qualified existential restrictions on the right-hand-
side—can be replaced by equivalent new constructions. Note that the latter are inspired
by [KRH13] (see Section 6.2 in that paper).

As in the original proof, we assume w.l.o.g. that an ATM never moves to the left
when it is on the left-most tape cell; that there are an accepting state g, and a rejecting
state ¢, designating accepting and rejecting configurations, respectively; that any con-
figuration where the state is neither g, nor ¢, has at least one successor configuration;
and that all computations of an ATM are finite (see [CKS81, Thm. 2.6]). We disregard
transitions that do not move the head (N). Further, we may assume that the length of
every computation on a word w € ¥¥ is bounded by 22k, and that every configuration
in such a computation can be represented using < 2* symbols, plus one to represent the
state.

According to [CKS81, Cor. 3.5], there is an exponentially space-bounded alternating
™ M = (Q,%,T",gp, A) with only finite computations for which the word problem is
2-ExPTIiME-hard. We show that this problem can be reduced to TCQ satisfiability in
DL-Liteym, with rigid role names.
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Figure 7.2: A sketch of the modeling of an exemplary computation tree of the ATM.
The tree nodes represent domain individuals and are labeled with relevant
concepts. The named individual a represents the first cell in the initial
configuration, g; is the initial machine state, and g9 the symbol in the first
tape cell. Some of the rigid concepts are printed in gray to differentiate those
time points from the time points where they are inferred. The figure also
abstracts from the fact that the temporal counter A’ has to be considered
modulo 2% if used in concepts such as A = A’.

To this end, let w = 0 ...0,_1 € 3* be an arbitrary input word given to 9t. We next
construct a TCQ ®oy ,, and a TKB (Ogy 4, (Ao)) in DL-Litegyom such that M accepts
w iff o o, is satisfiable w.r.t. (Ogn v, (Ao))-

Figure 7.2 illustrates the approach by showing an example representation of (parts
of) computations of such an ATM. We use two counters modulo 2%, A and A’. The tree
describes computations in that one path describes one computation. The individual
configurations are represented explicitly, one after the other, and each as a chain, such
that every tree node represents one of the 2* tape cells of a configuration; these cells
are numbered by the A counter invariant to time. Each tree node or cell is represented
by an individual in the reduction and, since these individuals are related by rigid roles,
the computation tree “exists” at all time points; the time points are numbered by the
A’ counter. Branching models the universal transitions. Different from usual compu-
tation trees, the tree however splits at the node representing the cell under the head
of the machine; the remaining parts of the configuration where the splitting occurs are
replicated in each of the subtrees. The following example details the synchronization of
the configurations.

Example 7.10 By means of Figure 7.2, we exemplarily describe the modeling of the
transitions and corresponding successor configurations. In particular, the ontology en-
codes the propagation of the new state ¢ and symbol o of a transition, and of the cell
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contents o (of the considered configuration) that do not change to the successor config-
uration following in the tree. To represent all this information, we use corresponding
rigid concept names and then propagate them via flexible concept names (marked by a
prime) using the temporal dimension. Specifically, the tape contents of cell i are prop-
agated to the successor configuration if the individual that represents the cell satisfies
A=A (e.g., 01 and g2 at time points 1 and 2, respectively) and the cell is not under
the head (e.g., o is not propagated at time point 0). The cell under the head can be
identified because it (i.e., the corresponding individual) satisfies a state symbol ¢. It
thus determines the state of the considered configuration and, together with the sym-
bol in the cell, the transitions to be considered. Given a universal state, for each such
transition, the configurations have one branch identified by a specific concept of the
form Ty, »,,0m; for an existential state, there is only one branch. The concept Ty, 5y 11
initiates the propagation of the symbol o to the successor configuration if A = A’ + 1.
In this way, the propagation stops correctly in the next configuration at the cell that
has been previously under the head, which satisfies A = A’ (i.e., it is left of the cell that
previously satisfied Ty, »,,07). The new state qg is similarly propagated, but the corre-
sponding time point specifically depends on the direction of the move M. For a right
move, the propagation happens if the individual satisfying Ty, . as also satisfies A = A’
and thus stops at the same cell in the successor configuration (recall that the individual
satisfying Tp, »,,m represents the cell right of the head) (e.g., see the propagation of gg
and ¢ at time point 1). For left moves, the propagation should stop two cells left of
the individual satisfying a concept of the form T, ,, 1; we thus require the individual
to satisfy A = A’ + 2 to start the propagation. &

Before specifying the TCQ and ontology, we introduce all symbols we use below:
e A single named individual a identifies the root of the tree.

e Rigid role names Ry, s where ¢ € Q, o € I', and M € {L, R} represent the edges
of the tree. We collect all these role names in the set R.

Note that these roles represent the major difference to the reduction of [BGL12],
where a single rigid role fulfills this purpose, but is used within qualified existential
restrictions on the right-hand side of GCls.

e Rigid concept names Ay, ..., Ap_1 are used to model the bits of a binary counter
numbering the tape cells in the configurations.

e Rigid concept names I and H point out special cells. In particular, I is satisfied
by the nodes representing the initial configuration, and H is satisfied by all nodes
representing a tape cell that is located (anywhere) to the right of the head in the
current configuration.

e A rigid concept name, for each element in Q@ UT", represents the tape content, the
current state, and the head position in each configuration in the tree: if 91 is in
a state ¢ and the head is on the i-th tape cell, then the individual (tree node)
representing this cell satisfies the concept name ¢; we correspondingly represent
the symbols in I'.
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e The rigid concept names T, , a7, forallg € Q, p € I', and M € {L, R}, are satisfied
by an individual, representing a cell, if the head is on the left neighboring cell and
the ATM executes the transition (g, o, M) in the described configuration.

We use the temporal dimension to synchronize successor configurations in accordance
with the chosen transition in order to model the change in the tape contents, the head
position, and the state from one configuration to the next:

e Flexible concept names Aj, ..., A}, are used to model a counter in the temporal
dimension. Its value is incremented (modulo 2¥) dual to the counter Ay, ..., Aj_;
but along time and, at every time point, all individuals share the value of this
counter. It is used for the synchronization of successor configurations: if the
A’ counter has value 7, then the symbol in the i-th tape cell of any configuration
(where i is not the head position) is propagated to the i-th tape cell of its successor
configuration. Similarly, the state is propagated from the cells ¢ directly right of
the head position, each pointing out a specific transition (via the symbols Tg , ar),
to the corresponding cells of the successor configurations (i.e., these cells have the
same position on the tape as ¢ for right-moves and otherwise lie two to the left).

e We further use a flexible concept name, for each element in Q UI", which as above
is distinguished from the rigid version by a prime. Considering a fixed time point,
these names are used for the propagation of the state ¢ or cell content o of a cell
¢ to the corresponding cell in the successor configuration(s). This propagation
happens via the right neighboring cells of that configuration, which then satisfy
¢ and o', respectively, at the time point whose A’-counter corresponds to the
A-counter at c.

We may further use concept names of the form A for given concept names A as detailed
in Lemma, 7.2.

In the remainder of the proof, we define the TCQ Py ,, and the TKB (O ., (Ap)) by
describing the conjuncts of ®gy ,, and listing the GClIs contained in Ogy ,,. To enhance
readability, we may use GClIs that are not in DL-Liteg.,m, but can be transformed as
described in the beginning of this section (see Figure 7.1 and Example 7.4)3. We first
express the tree structure in general.

e We enforce all elements to have some successor except if they satisfy g, or g,.
Since the only elements satisfying a symbol from ©Q are the ones representing the
position of the head, the tree generation thus is only stopped if we meet a halting
configuration:

Wn@ T || 3Rs.
R;€ER
Using a big disjunction over all possible roles, we can correctly represent the
nondeterminism of the machine.

3Note that GCIs of the form of some of the critical GCIs neither occur in Figure 7.1 nor in Example 7.4.
However, the right-hand sides of those GCIs are conjunctions. For that reason, the GCIs can be
replaced by several copies of the original ones, each containing only one of the conjuncts on the
right-hand side; the left-hand side is not changed.
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e The A-counter is incremented alongside the tree modulo 2¥ and modeled using
the following GCIs for all i € [0,k — 1]:

|_| Aj C |_| VRa.Zi7
0<5<q Rs;eR

I_I Aj I‘IZZ- C |_| VRs.A;,
0<j<e Rs;€ER

( |_| ZJ) nA; C |_| VRs.A;,
0<5<1 R;€ER

0<j<i Rs€R

For example, if the bits Ag, ..., A; are all true in the current tape cell, then in
the successor cell these bits are all false.

We thus have described a sequence of configurations where we can address single
tape cells in all the configurations using the A counter. The latter restarts every
time it has reached 2 — 1, and thus with each new configuration.

The counter is initialized with value 0 at a. Hence, all elements representing the
first tape cell in some configuration in the tree satisfy the auxiliary concept name
Ca—o, defined as follows:

CA:()EZOH...HZ]C,L

Below, we use additional concept names of the form C'4—;, for (polynomially many)
different values 7, which we assume to be defined similarly.
We further add the assertion

Ca=o(a)

to Ag. Since the names Ay, ..., A;_; are rigid, this assertion must be satisfied at
every time point.

We now enforce basic conditions which help to ensure that the tree actually rep-
resents a successful computation of 99T on w.

e To formulate these conditions, we use the rigid concept name H to identify the
tape cells that are to the right of the head:

(Hu | ] q) MNCypr 1 C [| VRs.H.
qeQ RseR

Thus, the propagation stops at tree levels whose elements represent the last cell
in a configuration, since these elements satisfy Cy_or_;.

Observe that the disjunction can be replaced by an auxiliary concept name Clyyy
to obtain a CI in DL-Litegyo, if we additionally consider the following GCI (see
Example 7.4):
HU |_| qC Caux-
qeQ
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e There is only one head position per configuration:
HC [ g

Note that we do not have to consider the elements representing the cells left to the
head since, if such a cell satisfies a concept name from Q, then all its successors
in the tree are enforced to satisfy H.

e Each tape cell is associated with at most one state (which, at the same time,
represents the position of the head):

TC [] @u@m
q1,92€Q,q17G2

e Each tape cell contains exactly one symbol:
TEC |_| (0' M |—| o).
o€l o’el\{o}

Observe that we obtain a GCI in DL-Liteg.n, if auxiliary names are introduced
for the conjunctions on the right-hand side, in the way described above.

Before specifying the remaining, more intricate conditions for the synchronization of
the configurations, we describe the first configuration in the tree (starting at a) as the
initial configuration.

e In particular, we mark the corresponding elements by adding the assertion I(a)
to Ap and by propagating the concept alongside the first configuration as follows:

INCy_pe 1 C [ | VRs.I.
RseR

e The first configuration is modeled by adding the assertion gp(a) to Ag and by
considering the following GClIs for all i € [0,k — 1]:

II—ICA:i C 0i,
IHCA:k E Ba

INMBNCy_or ,C [ ] VRs.B
RseR

where w = 0g...0p_1 is the input word.

We finally come to the most involved part, the synchronization of the configurations,
which includes the modeling of the transitions.

e We first introduce the A’-counter, which is incremented along the temporal di-
mension. For every possible value of this counter, there is a time point where a
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belongs to the concepts from the corresponding subset of {Ay, ..., A} _;}. This is
expressed using the following conjunct of ®gy ,:

or A (A @) & (4@ & or-ai(a)).
0<i<k 0<j<e

This formula expresses that the i-th bit of the A’-counter is flipped from one world
to the next iff all preceding bits are true. Thus, the value of the A’-counter at the
next world is equal to the value at the current world incremented by one.

Note that it is not necessary to initialize this counter to 0 in Ag; we only need to
know that all possible counter values are represented at some time point.

e The value of the A’-counter is always shared by all individuals:

op( A\ 3wAj(x) = ~3aA())
0<i<k

For the application of the A’-counter, we introduce the abbreviation E4 4 de-
scribing the equality of the two counters:

Ely = (AN AU (Zi HZ;) :

EA7A/E |—| Eil,A"
0<i<k

Furthermore, we define similar abbreviations as follows:

Egaiymodz = | ] (AQ '_'Zj) U

0<j<k
L[] (gna)nanan [ B,
0<i<k \0<j<i it1<j<k

Eaaigymoazs = E3 40| [] (A; M Zj) L

1<j<k
R j
L[] (AjﬂAj)ﬂAmAm [ Eya
1<i<k \1<j<i i+1<j<k

We now can use the temporal dimension to propagate information from one level
of the tree to the next one as outlined above, and hence specify the transitions.

e Symbols not under the head are copied:

ol |—|q|_|EA,A’ C I_I VR(S.OJ,

qeQ RseR
o' I_IEA’A/ C |_| VR(;.O'/,
RseR

o’ |_|EA,A’ Co.
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e To describe the transitions, we explicitly store chosen transitions with the help
of the rigid concepts T}, , v, by enforcing them to be satisfied by the elements
representing the cells directly right-neighbored to the head position. Recall that
there may be several such cells; we are now at the point where we specify the
branching of the tree. Hence, we model the transitions for all ¢ € Q@ and o € T’
using the following GCls:

gnoC || 3Rs, ifqe Qs
0€A(q,0)

gnoC [] 3Rs, ifqe Qy,
6eA(q,0)

qMo C |_| VRs.Ts.
d€A(q,0)

Observe that our main adaptation of the original proof is that we, instead of
considering a single role R, regard all those in R and, instead of considering one
R-successor per successor configuration 9, consider an Rg-successor. This enables
us to express a qualified existential restriction of the form [];. Alq dR.Ts on the

right-hand side of a CI in the original proof, via the last two of the above CIs.*

’O—)

e The (possible) replacement of the symbols under the head is described with the
help of the transition concepts Ty, s for all g € Q, 0 € I', and M € {L, R}:

Tyt TE4 (1) mod2s C [ ] VRs.0'.
RseR

Recall that the transition concepts are only enforced to hold at the cell to the
right of the current head position (hence the +1).

e The state information is similarly propagated for all ¢ € @ and o € I' as follows:

TyorMMEAA E |_| VRs.q,
RseR

Tg.0,L T E4 (A742) mod 20 & |_| VRs.q,
RseR
¢ MEaxE |_| VRs.q,
RseR
¢ NEsa Cq.

We lastly enforce the computation to be an accepting one by disallowing the state g,
entirely using the GCI ¢, C L. Note that this is correct since we assume all the compu-
tations of M to be terminating. This finishes the definition of the Boolean TCQ ®ax ,,
and the global ontology Ogy ,,—which is easily transformable into DL-Litejyon,—, which
consist of the conjuncts and GClIs specified above. We further collect all assertions in the

4Recall that qualified existential restriction on the right-hand side of CIs can be modeled in DL-Lite
if role inclusions are allowed (see the beginning of Chapter 6).
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ABox Aj. Given our descriptions above, it is easy to see that the size of ®oy y, Om w,
and Ay is polynomial in k. Moreover, it can readily be checked that our constructions
are equivalent to those in the proof of [BGL12, Thm. 4.1]. Hence, we get that ®oy ,, is
satisflable w.r.t. (Ogp v, (Ao)) iff M accepts w. O

7.2 Data Complexity

Regarding data complexity, the cO-NP lower bound follows from coO-NP-hardness of
conjunctive query answering w.r.t. DL-Liteg ., knowledge bases. The latter is a con-
sequence of [Cal+07b, Theorem 48 (1)], where the hardness is stated for DL-Litecore
extended by Cls that allow for a concept = A, A € N¢, on the left-hand side. We reduce
TCQ entailment in DL—Literml to TCQ entailment in ALCH, and then apply the results
from [BBL15b] to obtain containment in cO-NP for the case where Ngg = ), and in
EXPTIME. Note, however, that the case with rigid role names is still open for ALCH
w.r.t. data complexity, which means that the latter result is not tight. This also leaves
us a gap between CO-NP and EXPTIME.

We assume K to be written in DL-Lite}t , and construct an ALCH TKB K’ and a
TCQ @' such that K = @ iff ' = ®'. Note that the reduction leads to an exponential
blowup in the size of the query, but this is irrelevant regarding data complexity. First,
we extend the set of role names to include all inverse roles R~, where R or R~ occurs
in O. Then, we construct the TKB K := (O, (A})o<i<n) based on K by replacing all
occurrences of concepts of the form JR, R € Ni, by dJR.T, and adding the following
axioms:

(i) a GCI 3R.(—3R~.T) C L for each R € N (0O),
(ii) an RI R~ C S~ foreach RC S € O.

We call a CQ ¢’ a variant of a CQ ¢ if ¢’ is obtained from ¢ by replacing some role
atoms R(s,t) € ¢ by R (t,s). We construct ®' by replacing every CQ ¢ in ® by a
disjunction of all variants of ¢. The correctness of this reduction is established next.

Lemma 7.11 We have K E @ iff K' = ®'.

Proof. (<) Let J = (Z;);>0 be a model of K such that J = ®. We show that we then
have a model 7’ = (Z});>o of K’ such that 3’ = ®'. Specifically, 3’ has the same domain
as J, interprets all symbols occurring in K as J does, and, for all Z], the interpretation
of role names R~ such that R~ € Nr(O’) \ Nr(0O), is equal to (R™)%.

Given this definition of J’, we obviously have that Z! = A} for all i € [0,n], since
Z; = A;. The same holds for the GCIs and RIs that are contained in @. Moreover, it
is easy to see that the new GCIs and Rls are satisfied, too. We thus have 7' = K.

We now assume that ' = @', by contradiction. Given the construction of ®', we
first show that, for every CQ ¢ in ® which is replaced by a disjunction « in @, 7/ = «
leads to Z; = ¢, for all i > 0. Let thus 7 be a homomorphism of some CQ ¢’ in an
arbitrary such disjunction « into some Z7, and let ¢ be the CQ that was replaced by
a. ¢ and ¢’ thus only differ in the role atoms. Let R(s,t) be an atom in ¢ and let
R~ (t,s) be the corresponding replacement in ¢'. Then, we have ((s),7(t)) € R%i, by
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construction, which yields that 7 is also a homomorphism of ¢ into Z;. Considering the
other direction, we trivially have that Z} & « leads to Z; & ¢ for all ¢ > 0, given our
construction. By induction on the shape of ®, it now can be easily shown that J = ®
follows, which contradicts the assumption.

(=) Let now 3’ = (Z})i>0 be a model of K’ such that 3’ [~ ®'. We show this direction
similarly by constructing a model J = (Z;);>0 of K such that J = ®. In particular, we
assume J to have the same domain as 7', to interpret all concept names as J’ does, and
to interpret all role names R € Nr(O) such that RY = R% U {(d,e) | (e,d) € (R™)%}
for all 7 > 0.

The latter definition yields that (d,e) € R% if (d,e) € R%, and (d,e) € (R™)% if
(d,e) € (R™)%i for all i > 0. Together with (i) and the definition of R%i, we thus obtain
that e € (AR)% iff e € (AR)% for all R € N5 (O). Then, it is easy to see that we get
Z; E A; for all i € [0,n], since Z] = A;. The above observation about concepts of the
form e € (3R)%, R € Nz (0), and the fact that the interpretations Z] satisfy O further
yields that Z; is a model of all CIs in O. Lastly, we consider an arbitrary RI R C S in
O and (d,e) € R%. If (d,e) € R, then Z| = O implies (d,e) € ST C §%. Otherwise,
we must have (e,d) € (R™)% and, by (ii) (i.e., we have R~ C S~ € O') and T, = O’
get (e,d) € (S7)%. But then, we have (d,e) € ST, as well. Hence, we have J |= K.

As above, we now assume that Z = ®, by contradiction. Given the construction of
', we regard an arbitrary CQ ¢ in ® replaced by a TCQ a in @’ (i.e., a is a disjunction
of CQs). If 7 = «, then there must be a homomorphism from a disjunct ¢’ of «
into Z’, and thus obviously Z = ¢ by the constructions of a and Z. Let now 7 be a
homomorphism of ¢ into Z. Then, for every role atom R(s,t) in ¢, we must either have
(7(s),7(t)) € RT or (n(t),n(s)) € (R™)T, by the construction of Z. But then, r is
also a homomorphism of the variant ¢’ contained in « that contains the corresponding
combination of role atoms into Z’'. This yields Z/ = a. By induction, it now can be
easily shown that Z’ = @' follows, which contradicts the assumption. O

This reduction allows us to use the results for TCQ entailment in SHQ [BBL15b,
Thm. 5.2 and 4.15] to show the following.

Corollary 7.12 TCQ entailment in DL-Litelt , w.r.t. data complexity is
e in CO-NP if Nrg = 0, even if Nrc # 0, and
e in EXPTIME, even if Nrr # 0.

We have thus completely classified TCQ entailment regarding ontologies in logics
between DL-Liteg,o,, and DL-Litez'éol, and different settings with rigid symbols. In sum-
mary, we have shown that the combined complexity between EXPTIME and 2-EXPTIME
is not lower than that given for ALC or more expressive DLs [BBL15b; BBL15a]. In
particular, we have 2-EXPTIME-completeness if role inclusions are allowed, even if rigid
symbols are disregarded. Also our data complexity results are equal to those for more
expressive DLs. Hence, the case for data complexity where Ngrg # ) is an interesting
open problem since it may still reveal an important difference between the expressive
DL-Lite logics and even more expressive DLs.
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In this chapter, we propose a generic approach targeting the practical application of
temporal ontology-based data access. We focus on a very general setting, based on
the lessons learned in the previous chapters. The goal is to answer temporal queries
by rewriting into standard query languages and, as the title suggests, this is achieved
by dropping the negation operator (i.e., these rewritings are defined analogously to the
first-order rewritings from Definition 2.22). We here focus on general query answering
instead of only “yes/no” questions as considered in the previous chapters and, instead
of investigating complexity, we show that temporal query answering can be rewritten;
this allows for implementation based on existing tooling. Furthermore, we neither re-
strict the investigations to the QL queries introduced in Chapter 3 nor to particular
DLs but also consider other query languages and logics that satisfy certain properties
as ontology languages. These properties are satisfied by many fragments of existential
rules (or simply rules) [Bag+11b]. Existential rules are function-free first-order impli-
cations where both the premise and conclusion are conjunctions of atomic formulas,
and existentially quantified variables may occur only in the conclusion;! note that we
allow for equality predicates. It is well known that query answering w.r.t. existential
rules is undecidable in general [CLM81, Thm. 5.1][BV81, Thm. 7]. Yet, first decidable
fragments have been proposed in the early days of database research and, still today,
there is active research on such logics. The DLs ££ and DL-Lite]}, .., for which TCQ
entailment is investigated in Chapters 5 and 6 represent examples. Moreover, several
other decidable rule fragments that meet our requirements and for which temporal query
answering is thus rewritable are important in practice and successfully applied: exam-
ples are ontology languages proposed for information integration in databases, such as
global-as-view mappings (e.g., see Figure 1.2); Datalog, a popular language for defin-
ing recursive views [AHV95]; the DLs ££1" [BBL05] and DL-Litep [Cal+07b], which
represent the logics behind profiles of the Web Ontology Language OWL 2; and many
other description logics.

In what follows, we first generally specify these logics we focus on and describe several
examples of concrete formalisms in Section 8.1,% then define the temporal query language
in a similarly abstract way in Section 8.2, and finally prove the rewritability result in
Section 8.3.

8.1 Preliminaries

In this section, we specify the syntax and semantics of the logics and (atemporal) queries
we consider, to establish the logical framework for querying atemporal knowledge bases

! Alternative notions used in literature are, amongst others, V3-rules [Bag+11a], Datalog™ [CGL09],
and tuple generating dependencies [BV84)].
2Note that, in line with the previous chapters, we primarily consider description logics.
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in these logics. Note that these definitions are nearly analogous to but abstract from
the ones given in Chapters 2 and 3. Thereafter, we detail the properties we require the
formalisms to satisfy particularly. We also give a wealth of examples of concrete query
formalisms that have been proposed in the literature and meet these requirements.

8.1.1 Logics

The basic setting is that of function-free first-order languages and focuses on signa-
tures ¥ = (Q, (II"),>0) based on constant symbols Q (also constants) and a fam-
ily (IT"),,>0 of sets of n-ary predicate symbols (also predicates). To simplify presentation,
we assume the sets {2 and J,,>oII" to be non-empty and finite. Note that this assump-
tion is reasonable given that a domain of interest usually focuses on certain symbols.
We further assume that the sets of constants and predicate symbols are disjoint.

In our context, it is essential that the ground data is given separately from the other
logical information since it may vary over time. We therefore focus on knowledge bases
similar to those considered in the previous chapters and explicitly discern facts and
theories. The latter represent the ontologies and may contain axioms more complex than
facts. Since we introduce them in a very general sense, together with their semantics,
we first specify the basis for model-theoretic semantics, interpretations.

Definition 8.1 (Semantics) An interpretation for a signature ¥ = (Q, (II"),>0) of
FOL is a pair T = (AZ,-T), where AZ is a non-empty set, the domain of Z, and - is
an interpretation function that assigns to every ¢ € Q an element ¢ € A and, for all
n >0, to every P € II" an n-ary relation PT C (AT)".

Such an interpretation is called finite if its domain is finite. Two interpretations are
isomorphic if there is a bijective mapping between their domains that preserves the
interpretations of all constants and predicate symbols. &

The set of all interpretations is denoted by I. In what follows, the signature of an
interpretation is generally not mentioned explicitly if it is irrelevant or clear from the
context.

We use the notion of facts as usual.

Definition 8.2 (Facts) Let ¥ = (€2, (II"),,>0) be a first-order signature. A fact is an

expression of the form P(cy,...,¢,) where P € II" and ¢y, ..., ¢, € .
An interpretation Z is a model of a fact P(ci,...,c,), written Z = P(cy,...,c,), if
(cf,...,ct) e PL. &

Theories in a specific logical formalism are generally finite sets of axioms. For covering
various logics that may focus on different kinds of axioms, we do not consider the nature
of the axioms in more detail (i.e., apart from the facts already introduced). Specifically,
we consider a generic logic that consists of the set of theories expressible in it and a
satisfaction relation specifying the semantics.

Definition 8.3 (Logic) Let ¥ be a first-order signature. A logic is a pair (£, |=r),
where L is a set of L theories over ¥ and =, C 1 x L is a satisfaction relation between

interpretations and these £ theories.
An interpretation Z is a model of an L theory T, written Z =, T, if (Z,7) € . &
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We define logics as sets of theories instead of sets of axioms since some logics put
further restrictions on the shape of their theories apart from considering them to be
sets of axioms (e.g., sticky sets are a fragment of Horn rules based on such a kind
of restriction [CGP12]). Nevertheless, in many concrete logics, the basic satisfaction
relation for axioms is lifted in a natural way to theories.

In the following, we often refer to a logic by its first component £ and assume it to
be implicitly associated with an entailment relation |=,. If the logic is clear from the
context, we may also write = instead of =, and simply consider theories. As in the
previous chapters, we focus on knowledge bases in the atemporal setting.

Definition 8.4 (Knowledge Base) Let £ be a logic. A knowledge base (KB) written
in £ is a pair K = (T, .A), where T is an £ theory and A is a finite set of facts, the fact
base.

An interpretation Z is a model of a fact base A, written Z = A, if Z is a model
of all facts contained in A. A knowledge base K = (T,.A) is consistent if there is an
interpretation that is a model of both 7 and A. &

A basic requirement for the logics we consider is that consistency must be decidable.
Note that consistency checking is generally one of the first steps in reasoning algorithms,
since an inconsistent knowledge base makes most reasoning problems trivial.

The instances of our framework we focus on are fragments of existential rules. The
point is that these rules do not allow to express disjunction—this is important for the
conditions they have to satisfy. We close this part by providing concrete examples of
such formalisms.

Example 8.5 Several Horn description logics extending £L£ and DL—LiteZL{OM satisfy our
requirements (see Sections 1.2 and 2.1 for basics about DLs; further details are given
in [Baa+07]). As described in Chapter 2, DL theories are called ontologies and contain
concept inclusions and role inclusions as axioms. For most DLs, both of the latter can
be expressed as rules. Horn DLs range from light-weight DLs such as ££ and (some)
members of the DL-Lite family to syntactically restricted forms of more expressive logics
such as Horn-SHZQ [HMS07]. Also ELTT and DL-Liteg, which represent the basis of
the OWL 2 EL and QL profiles, are Horn DLs. In many Horn DLs, the inability
to express disjunction leads to the interesting property that knowledge bases can be
characterized in terms of a single canonical model.

Regarding KBs with theories specifying constraints such as global-as-view mappings,
[DNRO8] study similar universal models.? Given different applications of universal mod-
els in the literature, they observe that the universality of a model, the fact that there
is a homomorphism into every model of a knowledge base, makes universal models apt
for solving various reasoning problems, such as query answering.

Datalog extends global-as-view mappings. In particular, it allows for defining recur-
sive views. The axioms are rules as introduced above with the restriction that every
variable that occurs in the conclusion must also occur in the premise; thus, rules without
premise are facts. Theories are finite sets of such rules and called Datalog programs. An
interesting property of Datalog is that every program P has a least Herbrand model,

3[DNROS] also consider constraints that are more expressive than existential rules but remark that
universal models do not generally exist in all these settings.
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which satisfies exactly those facts that hold in all models of P (similar to the canonical
models of knowledge bases in Horn DLs). Since we do not consider function symbols,
the Herbrand domain is €2, and thus the least Herbrand model is finite. In this work,
we consider the linear Datalog fragment, where the premise of a rule may contain at
most one atom that also occurs in the conclusion of some rule in the program [AHV95].

Theories of logics in the Datalogt family generalize Datalog programs in that they,
next to the equality predicate and the truth constant false, most importantly, allow for
existential quantification in the conclusion of rules [CGL12] (i.e., Datalog® represents
a special kind of existential rules). Since already single such features (e.g., equality)
lead to undecidability of most reasoning problems, the logics proposed in the literature
impose rather strong restrictions on the shape of the theories. The linear fragment,
where the rule premises may contain only one atom [CGL09], or the above mentioned
sticky sets represent examples of such logics. O

8.1.2 Query Answering

The query languages we consider are also specified in a largely generic way and given
together with their semantics.

Definition 8.6 (Query Language) Let ¥ = (Q, (II"),,>0) be an FO signature and
Ny be a set of variables disjoint from Q and (II"),>¢. A wvariable assignment is a total
mapping of the form a: {z1,...,2,} = Q, z1,...,2, € Ny.

A query language is a triple (QL, Npy, =or), where QL is a set of QL queries over X,
Nev: QL — 2NV maps every QL query to the finite set of its free variables, and =g  is
a satisfaction relation; for an interpretation Z, a QL query ¢, and a variable assignment
a: Neyv(p) — Nc?, the latter is denoted by Z =g, a(p), and it is such that the following
hold, for all ¢ € QL:

(i) For all assignments aj,a2: {z1,...,2,} — Nc and interpretations Z such that
a1 (z;)% = ag(x;)* for all i € [1,n], we have Z o, a1(p) iff T For az(e).

(ii) For all assignments a: {x1,...,2,} — Nc¢ and isomorphic interpretations Z and
J, we have I |=or a(p) iff T For alp).
If T =or a(p), then a is an answer to ¢ w.r.t. Z. &

Condition (i) expresses that the satisfaction of queries in an interpretation does not
depend on the names of constants in the queries but only on their interpretation, and
Condition (ii) expresses that it is actually characterized by the interpretation. Note
that we need these assumptions for technical reasons; though, they are reasonable in
general.

We adopt the same conventions as for logics and refer to query languages only by their
first component, assume the satisfaction relation to be implicitly associated to it, and
denote that relation by | if QL is clear from the context. Ans(p,Z) C NQFV(“’) denotes
the set of all answers to a query ¢ w.r.t. an interpretation Z.

Answering queries w.r.t. single interpretations is however not our main goal. Instead,
we focus on the answers w.r.t. a knowledge base, the so-called certain answers.

“We do not consider variable assignments that do not map exactly the free variables of the query.
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Definition 8.7 (Certain Answer) Let £ be a logic, QL a query language, K a knowl-
edge base written in £, and ¢ a QL query. A variable assignment a: Npy(¢) — Q is
a certain answer to ¢ w.r.t. K, written K = a(yp), if a is an answer to ¢ w.r.t. every
model of K. &

The reasoning problem in focus here is query answering: the task of computing the set
of all certain answers to a query ¢ w.r.t. a knowledge base K. The set of those answers
is denoted by Cert(¢p, K).

A special situation arises when the considered queries have no free variables. Queries
of this form are called Boolean queries since the set Cert(¢, K) can only be empty or
contain the empty variable assignment as its only element. In the latter case, ¢ is
entailed by K. Similarly, regarding an interpretation Z and a Boolean query ¢, Z = ¢
implies that Ans(p,Z) is not empty and, specifically, only contains the empty set.

We assume that every query language contains a special Boolean query true, which
holds in all interpretations. Likewise, we assume the presence of a Boolean query false,
which does not hold in any interpretation. These queries can be added to a query lan-
guage without affecting any of the properties or constructions described in the following.
We also conclude the introduction of the queries with concrete examples.

Example 8.8 The simplest query language arises from considering all facts as Boolean
queries and, correspondingly, taking =, as F=gr; the variable assignments can be disre-
garded. The entailment of a fact by a knowledge base is then equivalent to the original
definition.

Similarly, we can consider the Boolean query language QL := £ with =g, given by
. That is, we can ask for the entailment of theories. In the context of description
logics, an important such query language is that of subsumptions, which ask whether
single Cls are entailed (see Definition 2.5).

Instance queries (IQs) generalize fact queries by allowing for variables. That is, an
IQ is an atom whose variables are considered as the free variables of the query. To
compute Cert(p, K) for an IQ ¢ and KB K, all variable assignments that certainly (in
all models of K) make the fact true when replacing the free variables accordingly have
to be determined.

For relational databases, an important class of queries are conjunctive queries (CQs)
(also select-project-join queries) of the form Jyq, ..., Ym., where y1, ..., ym € Ny and ¢
is a conjunction of instance queries.® The free variables of a CQ are all those occurring
in it except for yi,...,ym. In contrast to the free variables, which range only over
the constants, the existentially quantified variables range over the whole domain of a
given interpretation. The semantics of CQs is obtained by viewing them as first-order
sentences in the obvious way. In the standard database setting, which does not include
a logical theory, the focus is on computing Ans(p,Z) for a conjunctive query ¢ and
a finite interpretation Z, representing a given relational database. This is realized by
formulating ¢ in a query language supported by the system (e.g., SQL is a standard
for such a language) and evaluating it over the database. The more general problem
of computing certain answers to conjunctive queries w.r.t. a knowledge base has been

5Note that we here generalize the definition of CQs given in Section 2.1.2 for the DL setting in that
we consider more general signatures.
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investigated for many logical formalisms, in particular DLs and rules [Cal+07b; Gli4-08;
LTW09; RG10].

Unions of conjunctive queries (UCQs) (i.e., disjunctions of CQs) play a role similarly
important to the one of conjunctive queries. Moreover, many approaches for answering
CQs w.r.t. an ontology are based on rewriting to UCQs (e.g., see Lemma 2.24).

Another class of interest between UCQs and arbitrary first-order queries are positive

existential queries (PEQs) are of the form Jyi, ..., ym.p, where ¢ is a positive Boolean
combination of instance queries (i.e., using conjunction and disjunction, but no nega-
tion).

Conjunctive regular path queries (CRPQs) are a popular query language for graph
databases and are also studied in the context of description logics, where the predicates
considered are at most binary. They generalize conjunctive queries in a different direc-
tion, by allowing conjuncts of the form L(z,y), where L is a regular expression over the
binary predicate symbols and = and y represent variables. If an interpretation over such
a signature is regarded as a labeled graph, these conjuncts express the existence of a
path from z to y such that the concatenation of its edge labels—DL role names—belongs
to the language generated by L. Conjunctive two-way regular path queries (C2RPQs)
extend CRPQs in that the regular expressions may use the binary predicates in the
backwards direction.

Datalog queries are pairs of the form (P, G) consisting of a Datalog program P and
a goal predicate GG, which is to be answered over P. That is, Datalog query answering
w.r.t. a fact base is similar to instance query answering w.r.t. a KB but, with Datalog,
the theory is considered as a part of the query. The program P contains auxiliary
predicates that are local to the query (i.e., the predicates are not part of a signature
of an interpretation in which the query is to be answered) and used to evaluate it.
Specifically, only auxiliary predicates are allowed to occur in the conclusions of rules,
and the goal predicate must be an auxiliary predicate. A variable assignment a is an
answer to such a query in an interpretation Z if all extensions of Z to the auxiliary
predicates that satisfy P also satisfy G(a(z1),...,a(x,)). This is equivalent to the
containment of this fact in the least Herbrand model of the KB (P, facts(Z)), where
facts(Z) denotes the (finite) set of all facts that Z is a model of.

Note that every UCQ can be formulated as a Datalog query, by regarding the CQs
as premises of rules and introducing a single, fresh goal predicate for the conclusions.
Similarly, PEQs correspond to Datalog queries with nonrecursive programs [AHV95,
Thm. 4.5.2 and 5.4.10]. &

8.1.3 Canonical Models and Rewritability

We finally provide the properties we assume the logics and queries we consider to satisfy
next to the decidability of consistency. First, we focus on canonical models as mentioned
above. We tailor the corresponding property however to the reasoning problem of query
answering.

Definition 8.9 (Canonical Model Property) A logic £ has the canonical model
property w.r.t. a query language QL if, for each consistent knowledge base IC written in
L, there is a countably infinite canonical model Zx of IC such that, for all QL queries ¢,
Cert(ip, K) = Ans(, Ty). o
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L oL shown in
ELTT subs. [BBLO5]
ELH UucQ [Ros07, Lem. 1]
ELT? CcQ [KLO7, Lem. 5]
ELHI CcQ [LTWO09, Prop. 4]
ELHT™ CQ [PMH10, Lem. 10]
DL-Litejr| 7 ucQ [Cal4+-07b, Thm. 29]
DL-Lite{*\) UCQ  [BAC10, Thm. 9]
DL-Litenym PEQ  [Kon+11, Thm. 3]
DL-Liter C2RPQ  [BOS15, Lem. 3.2]
Horn-ALCHIQ CQ [E1t+12 Thm. 3], [Kaz09]
[

Horn-ALCHOTQ2S C2RPQ [ORS11, Thm. 2]

Figure 8.1: DLs £ and query languages QL w.r.t. which they have the canonical model
property.

The restriction to countably infinite interpretations is again technical and ensures that
all these models have the same cardinality. This is however only a minor restriction
since canonical models are often explicitly constructed in a countable way. Moreover,
in case the canonical model is finite, it can usually be extended by (countably infinite)
replications without affecting the semantics (i.e., the answers to queries are the same
w.r.t. both models). Example 8.10 presents logics, particularly DLs, that have this
property.

Example 8.10 Figure 8.1 lists several DLs £ and query languages QL that have the
canonical model property. The canonical model is usually constructed by applying the
axioms of the knowledge base IC = (T, A) as completion rules to the facts in A in order
to obtain a model of K.

In [BBLO5], the focus is on subsumption queries. A canonical model is not explicitly
constructed, but it can be easily obtained by regarding the application of the completion
rules (see Table 2 in that paper). This is also the case for [Kaz09] (see Table 3 in that
paper).

Note that the result from [BOS15] also holds for ££H. Further, the one from [Eit+12]
also holds for the more expressive DL Horn-SHZQ if the CQs only contain simple roles
(i.e., roles without transitive subroles).

Regarding a Datalog program obtained from K (i.e., the facts in A are regarded as
rules with empty body), [PMH10; Eit+12] construct a canonical model based on the
least Herbrand model of the program. &

Recently, so-called rewriting approaches—in the spirit of the rewriting from data
integration (e.g., (1.2) in Chapter 1)—for computing the set of certain answers to a
given query have become popular. They are usually based on a kind of canonical

5The procedure of applying the completion rules as well as the model are also called chase in the
literature [DNROS].
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model: the idea is to rewrite a query that is to be answered over a KB such that it
can be evaluated over a single and finite interpretation. We specify a corresponding
property of rewritability that is more general than the FO rewritability considered in
Chapter 2 (see Definition 2.22).

Observe that the rewritten query, called rewriting, usually belongs to a more expres-
sive query language. Next to the type of this language, rewriting approaches can be
discerned regarding the information that is used for constructing the rewriting and the
interpretation, respectively. Strict rewriting approaches construct the rewriting based
on the theory and the original query, and consider the interpretation to be the (unmod-
ified) fact base, interpreted under the closed-world assumption. Since this technique is
considered to be very efficient, it is employed in many works (e.g., in [Cal+05; Cal+07b;
CGLO09]). More general approaches, such as the combined approach [Kon+10; Kon+11],
are different in that they allow the interpretation to also be influenced by the theory.
Note that, in practice, the data given then has to be preprocessed before query answering
can be performed.

Definition 8.11 (Rewritable) Let £ be a logic and Q£ and QL5 be query languages.
Then, QL queries are QLo rewritable w.r.t. L if the following can be computed:

e for every QL; query ¢ and theory 7 written in £, a QLs query ¢’ such that
Nev () = Nev(e7);

e for every L theory T, a finite set A7 such that Q C Ay

e for every consistent knowledge base I written in £, a finite interpretation Dy over
the domain A7 such that ¢Px = ¢ for all ¢ € Q (standard name assumption);

such that, for all consistent knowledge bases K = (T, .A) written in £ and QL queries ¢,
we have Cert(p, ) = Ans(¢7, Dy). O

In summary, QLs rewritability means that finding certain answers to QL; queries
w.r.t. £ KBs can be reduced to finding (ordinary) answers to QL, queries in finite in-
terpretations. Our last requirement is therefore that the set of answers to a QLo query
w.r.t. a finite interpretation must be computable. This means that QL rewritability
of QL1 queries w.r.t. £ implies that the set of answers to a QL1 query w.r.t. a knowl-
edge base is also computable. Focusing on data complexity, observe that Definition 8.11
does not only abstract from but also extend Definition 2.22 in order to capture more
existing rewriting approaches. The latter definition regards a finite interpretation that
is independent of the theory and the query. In contrast, we here require Dy only to be
independent of a concrete query. The rewriting ¢’ must however still not depend on
knowledge from a fact base. Definition 8.11 again includes technical restrictions that
are needed to lift the atemporal approach to the temporal setting (i.e., the assumption
that A7 is independent of the data, and the standard name assumption). But all of
them are satisfied by the logics and query languages described in the following example,
for which rewritability is given.

Example 8.12 Figure 8.2 lists several rewritability results for different instances of L,
QL1, and QLy. For the logics of the DL-Lite family and the £L£ extensions, the finite
interpretation Dy is usually obtained by viewing the fact base under the closed world
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L QL QLo shown in

ELTT subs. subs. [BBLO5]

ELHI CcQ FO_ [LTW09, Thm. 5]
ELHI™ CQ Datalog [PMH10,
DL-Lite"™ cQ ucQ* Thm. 2, Lem. 16]
DL-Liter CcQ UucQ [Cal+07b, Lem. 39]
DL-Liter UCQ PEQ  [RAI10, Thm. 2]
DL-Lite] . CcQ FO_ [Kon+10, Thm. 10]
DL-LitefT\) UCQ  UCQ  [BACI0, Lem. 10]
DL-Liteg C2RPQ C2RPQ [BOS15, Prop. 6.3]
DL-Lite™ CQ CRPQ  [Dim+16, Thm. 3]
Horn-ALCHIQ CQ UucQ [Eit+12, Thm. 4]
LDLT 1Q 1Q [HEX10, Cor. 11]
SROEL(M, x) IQ 1Q [Kr611, Thm. 1]
Datalog® family CQ UucQ [GOP11, Thm. 1]

Figure 8.2: Rewritability results for different instances of £, QL;, and QLo; FO_ de-
notes first-order queries with equality and UCQ™ a combination of a UCQ
with a linear Datalog program.

assumption, but sometimes additional constant symbols are introduced (e.g., prototyp-
ical elements as in Definitions 2.10 and 2.11). In the other cases, Di is based on the
least Herbrand model of a suitable Datalog program that is based on .

Again, the rewritability result from [BBLO5] is only implicitly given in that paper
(see Lemma 3).

As in Example 8.10, the result from [BOS15] also holds for ££H; and the one from
[Eit+12] also holds for Horn-SHZQ if the CQs do not contain non-simple roles.

In the constructions for LDLT and SROEL(M, x), the original query is not adapted,
and therefore these logics also have the canonical model property.

To ensure the termination of the rewriting algorithm in [GOP11], the theories have
to be restricted (e.g., to linear rules or sticky sets). &

Many works suggest to consider rewritability as a decision problem as follows: Given
a logic £, a QL query, and a query language QLo, decide if the query is QLo rewritable
w.r.t. £ [Bie+14; CR15; Han+15; Bie+16]. The assumption behind this approach is
that, in practice, concrete query answering problems for expressive logics are actually
rewritable because many features of the logics are rarely used for modeling. Indeed, in
the experiments of [Han+15], efficient” FO rewritings of instance queries in ELH Y were
obtained in most cases and turned out to be very performant. Based on these results,
our approach extends to more expressive logics, too: instead of QLq, we can consider

"Many of the rewriting approaches proposed in the past are based on backward chaining and rewriting
into UCQs, which requires a lot of optimization to obtain feasibility in applications.
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only those elements of QL that have this property, and thus obtain another instance
of Definition 8.11.

Lastly, note that finiteness of Dy is obviously not sufficient in practice, where the
interpretations Dx additionally should be small, so that QLs queries can be evaluated
efficiently. Indeed, many rewritability results have subsequently been refined into that
direction. However, in this final (technical) chapter, we investigate rewritability in a
very general temporal setting and consider theoretical complexity considerations to be
out of scope.

8.2 Positive Temporal Queries

In this section, we regard a logic £ and a query language QL and lift the definitions
of the previous section to a temporal setting corresponding to the one proposed in
Section 3.1 for description logics and TQs.

In particular, we also consider temporal knowledge bases (TKBs) K = (T, (A;)o<i<n)—
now, written in £—built from global £ theories and finite sequences of fact bases (see
Definition 3.2). The semantics here is correspondingly based on sequences J = (Z;);>0
of FOL interpretations sharing one domain, which are called temporal L structures. The
fact that J is a model of K is similarly denoted by J = K and holds if Z; =, T and
Z; = A; for all i € [0,n]. A TKB is consistent if it has a model.

Positive temporal queries do not contain negation and are therefore defined more
fine granularly than the temporal queries introduced in Definition 3.4, since we cannot
consider O and Op to be derived operators (see Figure 2.2). But we can consider ¢p
and O p to be such operators because we assume true to be a QL query.

Definition 8.13 (Syntax of Positive Temporal Queries) Let ¥ = (€2, (II"),,>0) be
a FO signature. The set of positive temporal QL queries (PTQs) over X is defined by
the following grammar:

(I)ZZZQD|‘I>1/\<I>2|(I)1\/(I)2|OF(I)1|OP(I)1|DF(I)1|DP®1|(I)1U<I)2|(I)1S(I)2

where ¢ is a QL query over X and ®; and @, are positive temporal QL queries, in their
turn. o

We in the following use the term positive temporal queries if QL is clear from the context.
The set of free variables Npy(®) of a positive temporal QL query @ is the union of the
free variables of the QL queries in it, and PTQs for which this set is empty are Boolean
PTQs. A query is a subquery of a PTQ & if it occurs in ® and, if it is atemporal,
occurs at least once not as part of another atemporal query in ®. S(®) denotes the set
of all subqueries of @, including ® itself. For a subquery ¥ of ®, we denote by ay the
restriction of a variable assignment a: Npy(®) — Q to Npy(P).

Since we here focus on query answering, we explicitly consider the free variables with
the semantics.

Definition 8.14 (Semantics of Positive Temporal Queries) Let ® be a PTQ,
J = (Zi)i>0 be a sequence of interpretations over a common domain, a: Npy(®) — Q be
a variable assignment, and ¢ € [0,n] represent a time point. The satisfaction relation
J,i = a(®) is defined by induction on the structure of ® as specified in Figure 8.3.
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PTQ @ Condition for 7,7 = a(®)

QL query ¥ | Z; = a(y)

P N Dy J,14 ): g, ((I)l) and 7,1 ': Clq>2(q)2)

P,V Dy J,1 ): ap, ((I)l) or J,14 ): apy ((1)2)

Or®1 J,i+1Ea(®y)

Op®; i>0and J,i—1 ):Cl((IH)

Opd; J,k=a(®y) forall k, i <k

Op®; J,kE=a(®y) forall k, 0 <k <i

DU Dy there is a k, ¢ < k, with 3,k = ag,(P2)
and J,j = ag, (®1) forall j, i <j <k

D, S Py there is a k, 0 < k <1, with J,k |= ag,(P2)
and J,j = ag, (®1) forall j, k < j <i

Figure 8.3: Semantics of temporal QL queries.

If 3,7 = a(®), then a is an answer to ® w.r.t. J at i. ais a certain answer to ® w.r.t.
a TKB K at 4, written C,¢ = a(®), if a is an answer to ® at ¢ in every model of K. <

The set of all answers to ® w.r.t. J at time point 4 is denoted by Ans(®,J,i), and the
set of all certain answers to ® w.r.t. K is denoted by Cert(®, k7). Since our focus
is on the time point n, we introduce the abbreviations Ans(®,J) := Ans(®,J,n) and
Cert(®,K) := Cert(®,,n). A Boolean PTQ @ is entailed by K (at time point ) if the
set Cert(®, ) (Cert(®, K, 7)) is non-empty. In this case, we write £ = ® (K,i = @),
and similarly for J = ® and J,i = ®.

As in the previous chapters, we here apply the standard semantics (see Section 3.1).
Observe, however, that this may have some unintended consequences in practice. For
example, the PTQ <©pOpRunning(processl) then always is false, although, at the
current time point, the process may have been running since some past time point, and
the future state of the system is unknown.

An alternative semantics, which overcomes this problem, does not consider time points
before 0 or after n; such a temporal semantics is, for example, used for LTL in [Wil99]
or for temporal query languages for databases [SL89; HS91b; Cho95] and might also
be reasonable for applications of temporal query answering. In fact, we consider this
semantics in [BLT15], which means that our rewritability result, presented in the next
section, extends to that setting. This alternative semantics has the effect that the PTQ
Optrue is not entailed at the last time point; the semantics of the Op-operator thus
differs from that given in Figure 8.3: 3, = a(Op®;) iff i <n and J,i + 1 = a(P1). At
first glance, this may seem counterintuitive, but it is often considered to be more natural
to restrict the aggregation operators to the time points for which data is available. For
instance, current systems for stream reasoning restrict the focus to a so-called window of
the data stream (see Section 1.3 for an overview of current stream reasoning approaches).

A compromise between those two kinds of semantics could be obtained by “looping”
the last interpretation or fact base infinitely often, meaning that the facts of the last
time point stay valid forever. This would make the PTQ Opgtrue equivalent to true,

181



8 Temporal Query Answering Without Negation

while retaining the spirit of the finite semantics. However, also this semantics has
counterintuitive side-effects, as it makes severe assumptions on the future. For example,
then, the PTQ OpRunning(processi) is true at n if (and only if) Running(processl)
is true at n.

8.3 A Rewritability Result

Targeting temporal query answering, we finally lift the rewriting approach introduced
in Section 8.1.3 to the temporal setting. We show that, under the assumptions formu-
lated in the previous sections, positive temporal QL1 queries also enjoy a rewritability
property—w.r.t. temporal knowledge bases formulated in £L—and how the certain an-
swers to positive temporal QL queries over £ can be computed. Recall our assumption
on the properties of the query languages QL1 and QLs and logic L:

(P1) Consistency of knowledge bases in £ should be decidable. This is a basic prereq-
uisite for any reasoning procedure, in particular for query answering.

(P2) The logic £ should have the canonical model property w.r.t. QLq (see Defini-
tion 8.9). This property often represents a first step towards a rewritability result
and is similarly important for our result.

(P3) QL queries should be QL9 rewritable w.r.t. £. In particular, we make use of A7,
Dy, and ¢’ introduced in Definition 8.11.

(P4) The set of answers to any QLs query w.r.t. a finite interpretation should be com-
putable.

Observe that we do not need (P4) in order to obtain our result, but the latter would
otherwise be useless.

Before providing the rewritability result, we first lift the constructions of Defini-
tions 8.9 and 8.11 to the temporal setting. For this, consider a temporal QL; query ¢
and a consistent TKB K = (T, (Ai)o<i<n), which is possible by (P1); to see the latter,
observe that the consistency of the TKB can be decided by regarding the KBs (T, .A4;)
with ¢ € [0, n] separately. That is, we can also assume these atemporal KBs to be con-
sistent, and thus define the sequences Jx := (Zx;,)i>0 and Dk := (Dx;,)i>0 of canonical
and finite interpretations by (P2) and (P3); for all ¢ > n, we consider the canonical
and finite interpretations of (7,0). Due to the assumption that each Zx, is countably
infinite and Condition (ii) of Definition 8.6, we can without loss of generality assume
that these canonical models have the same domain. Similarly, the finite interpretations
Dy, have the common domain A7. Thus, they are valid sequences of interpretations
according to our semantics. We then define the temporal QLs query ®7 as the one
obtained from ® by replacing every QL query ¢ occurring in ® by the QLy query ¢’
and get the following rewritability result.

Theorem 8.15 Let QL1 and QL2 be query languages and L be a logic that has the
canonical model property w.r.t. QL1, such that QL1 queries are QLo rewritable w.r.t. L.
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8.3 A Rewritability Result

Then, for every consistent TKB IC = (T, (Ai)o<i<n), every temporal QL1 query ®, and
every i € [0,n|, we have:

Cert(®,K,i) = Ans(P, I, i) = Ans(@T,Q;c,i).

Proof. We first prove Cert(®,K,i7) C Ans(®,Ti,i). For some a € Cert(P, L, 7) and
every J = (Z;)o<i<n with J = K, we then have J,i =gz, a(®). By (P2) and Defini-
tion 8.14, we get Jx,i F=or, a(®P) or, equivalently, a € Ans(®, Ik, 7).

It is left to prove the following two claims:

(1) Ans(®,Txc,4) C Ans(®7, D, 1),
(2) Ans(®7 Dy, i) C Cert(d, K, i).

We show this by induction on the structure of ®.

For the base case, we regard an atemporal QL; query ®. For (1), let a € Ans(®, Ji, 7).
Since ® is a QL; query, the semantics yields that a € Ans(®,Zx,). From (P3), we
obtain a € Ans(th,D;Ci), and thus a € Ans(®7, Dy, ), by the semantics of temporal
QL queries.

For (2), let a € Ans(®7, D, ). Since ®7 is a QLy query, this implies a € Ans(®7, Dx,).
Because of (P3), we have a € Cert(®,K;). This means that for every interpretation Z
with 7 = A; and T |= T, we have that 7 =gz, a(®). Hence, for every sequence
J = (Zi)o<i<n with J = K, we have Z; =or, a(P). Since @ is a QL query, the latter
condition is equivalent to a € Ans(®,J,4), and thus we get a € Cert(®, K, 7).

Let now @ be of the form ®; A ®3. For (1), assume that Jx,i =gz, a(P), and thus
we have Jx,i F=or, as,(®1) and Jx,i For, as,(P2). By the induction hypothesis,
Dk, For, A, ((I)T) and D, i For, Clq>2(<I>g—), and thus we get D, [=or, Cl((I)T) by
the definition of ®7 and the semantics.

For (2), we assume that Dx,i =or, a(®7), and thus Di,i F=or, as, (®]) and
Di,i Far, 0a,(®]). Hence, we have a € Cert(®1, K, i) and a € Cert(®y, K, i) by the
induction hypothesis. Thus, for every J with J = K, it holds that J,i =gz, as, (P1)
and J,i F=or, ae,(P2). This is equivalent to a € Cert(®y A $o, I, 7).

Let now @ be of the form Op®;. For Claim (1), we take Jx,i For, a(Op®1). By
the temporal semantics, we have Jx,i + 1 oz, a(®1). By the induction hypothesis,
we get Dy, i+ 1 For, a(®]), which implies D, i For, a(®7) by the definition of &7

For (2), let Dx,i =or, a(®7). Hence, we have Dc,i + 1 =or, a(®]), which implies
a € Cert(®1,K,i+ 1) by the induction hypothesis. This means that, for every J = IC,
we have 7,7 =gz, a(Op®1), which shows that a € Cert(®, K, 7).

For the next inductive case, let ® be of the form ®;U ®2. For (1), we assume that
Jk,i For, a(®1U P2), and thus there is a k > ¢ such that Jx,k For, aa,(P2)
and Jx,j For, ae,(P1) for all j € [i,k[. By the induction hypothesis, we obtain
Dic,k Eor, 0a,(®]) and D, j For, e, (7)) for all j € [i, k[. The definitions of Fgr,
and ®7 yield that D, i =or, a(®7).

For (2), we assume that Dy, i =gz, a(®7). By the definition of ®7, there is a k > i
with D, k For, 0a,(®) and Di,j Eor, ae,(®]) for all j € [i,k[. The induction
hypothesis yields a € Cert(®2,K,k) and a € Cert(®1,K,5) for all j € [i,k]. As a
consequence, we have for every J = K that J,i =gz, a(®1U $2).
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8 Temporal Query Answering Without Negation

The remaining cases can be proven in a similar way. For example, the arguments
for Op®; can be obtained from those of case Or®; by replacing i + 1 by ¢ — 1, and
correspondingly for ®; S @9 and &1 U ®,. The cases for O and Op follow from similar
arguments. O

8.4 Summary

In this chapter, we have generalized the abstract setting for ontology-based temporal
query answering introduced in Chapter 3 even more. In particular, we have shown that
the temporal query answering problem is rewritable in certain cases if the negation in the
queries is dropped. This generality allows to augment many existing query answering
approaches with temporal features: both the temporal queries and the ontologies can be
instantiated with arbitrary queries and logical theories, as long as they satisfy certain
requirements. And we have shown that many formalisms already applied or proposed
in the literature do so.

The rewritability result is still of theoretical nature, but we have proposed algorithms
for answering PTQs in [BLT15].%® The focus of the latter work is on the temporal
database monitoring problem: the continuous evaluation of a fix set of PTQs over a
temporal knowledge base, which contains data about the past (and present), growing
over time. We have identified three different approaches for solving that problem.

The most straightforward option is to evaluate PTQs in a database system that
supports temporal information or in a data stream processing system. The advantage
of this approach is that the optimization techniques of the database can directly be
exploited. Yet, it requires to store the whole history of past data—even if only a
small part of it is necessary to answer the query—and to re-evaluate the query at each
time point using a temporal database query language, such as ATSQL [CTBO01]. The
feasibility thus depends on the amount of data that has to be considered. Note that
many existing stream processing systems limit the latter by adopting a “sliding view”
semantics, in which only a fixed amount of past time points is used to evaluate PTQs.

Second, we can apply an approach proposed by [Cho95; Tom04], which achieves a so-
called bounded history encoding; that is, the amount of data that is required to answer
the given queries is bounded. In the algorithm, it is continuously updated as soon as
new data is available. However, since the original proposal disregards future operators,
they have to be eliminated in an extra step; in [BLT15], we describe how this can be
done. Although this elimination is independent of the length of the history, it involves
a theoretical non-elementary blowup in the size of the query, due to the application
of the separation theorem (see Lemma 2.20). An advantage of the history encoding
from [Cho95; Tom04] is that it can be implemented inside a database system using
views and triggers, which could yield a good performance in spite of the possibly very
large size of the query. Generally, this option is the best of the three if the PTQs contain
no future operators or if one can find a small equivalent representation without future
operators.

As most general solution, we propose a new algorithm, which is an adaptation of
the one proposed in [Cho95]. Our algorithm allows for rigid unary predicates (see

8Recall that we consider a slightly different semantics in [BLT15].
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8.4 Summary

Section 3.1), directly works with future operators, and also achieves a bounded history
encoding. In particular, we can limit the influence of the future operators on the time
and space requirements to a single exponential factor. But it is not straightforward how
this algorithm can be implemented inside a database system. While it is theoretically
the most efficient solution, it remains to be seen how it implementations perform in
practice.
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9 Conclusions

The goal of this thesis was to systematically analyze ontology-based access to temporal
data in terms of computational complexity, and rewritability to existing formalisms. In
this chapter, we summarize our achievements and describe directions of future research.

9.1 Summary of Results

In this work, we have focused on a temporal query answering scenario that reflects
the needs of the applications of today: the temporal queries are based on LTL, one of
the most important temporal logics; the ontologies are written in standard lightweight
logics; and the data allows to capture data streams.

In Chapter 3, we have introduced an abstract temporal query language that combines
atemporal queries QL via the operators of linear temporal logic and allows to access
temporal data through ontologies. In particular, it generalizes existing temporal query
languages and, at the same time, provides a framework for the design of new formalisms
and general investigations. We have proven that its direct application yields only con-
tainment in NEXPTIME (NP) w.r.t. combined (data) complexity,’ which does not fit
the low complexity we usually have with lightweight DLs; regarding entailment, we thus
get containment in CO-NEXPTIME (cO-NP). For that reason, we have proposed a new
approach based on the original algorithm for solving the satisfiability problem in LTL,
which requires only polynomial space. This approach is similarly general w.r.t. the
query language and DL considered, but leaves one part of the T'Q satisfiability problem,
r-satisfiability, open and thus to be solved for concrete TQs and DLs.

In Chapter 4, we have studied the combined complexity of the satisfiability problem
in DL-LTL for DLs DL meeting a few rather weak requirements. Moreover, we have
showed that the latter are satisfied in the popular DL ££ and many DL-Lite fragments.
Nevertheless, DL-LTL has turned out to be powerful enough to show a lower bound of
NEXPTIME if rigid symbols are considered. For the case without rigid symbols, we have
shown containment in PSPACE, based on our new approach. For ££ and DL-Lite]!, . |
this PSPACE result also holds w.r.t. rigid symbols if the considered concept inclusions
are global. An overview of these results is given in Figure 4.1.

In Chapter 5, we have focused on TCQ entailment in ££ and showed results similar
to those for EL-LTL w.r.t. combined complexity (see Figure 9.1): our general approach
can be applied to design a polynomial-space algorithm, and co-NEXPTIME-hardness
can be shown similarly. However, in contrast to ££-LTL, the former also holds for the
case with rigid concept names. This shows that the local GCIs allowed in £L-LTL are
rather powerful; note that ££-LTL formulas without them can be seen as TCQs w.r.t. a

!Recall that, in order to obtain this complexity, the satisfiability of conjunctions of QL queries and
negated QL queries w.r.t. a KB in DL has to be decidable nondeterministically in polynomial time.

187



9 Conclusions

Data Complexity Combined Complexity
(i) (if) (iif) (i) (if) (iif)
DL-Lz‘temﬂ‘ horn] ALOGTIME ALOGTIME ALOGTIME PSPACE PSpACE PSPACE
> Th. 6.31 < Th. 6.37 > [SC85] < Co. 6.19
&L P co-NP co-NP PSpacE PSPACE co-NEXPTIME
> [Cal+06], < Th. 5.19 > Th. 5.21 < Co. 5.20 > [SC85] < Co. 5.16 > Th. 5.18, < Co. 5.17

ALC-SHQ* co-NP co-NP <EXPTIME ExpTIME co-NEXpPTIME 2-EXPTIME

DL-Litejyompool] co-NP co-NP <EXPTIME ExpTIME co-NEXPTIME 2-ExPTIME
> [Cal+05] > Co. 7.5, < Th. 7.6 > Th. 7.7, < Th. 7.8 > Th. 7.9

DL-Lite?,ﬁmm‘booll Cco-NP Cco-NP <EXPTIME 2-EXPTIME 2-EXPTIME 2-EXPTIME
< Co. 7.12 < Co. 7.12 > Co. 7.5 < [BBL15a]

Figure 9.1: The complexity of TCQ entailment considering (i) no rigid symbols, (ii) rigid
concept names, and (iii) rigid role names. Our results are highlighted. All
complexities except those marked with < are tight; > hardness, < contain-
ment.

*[BBL15b]

global ontology. Regarding data complexity, tractability only holds for the case without
rigid symbols.

In Chapter 6, we have focused on TCQ entailment in Horn fragments of DL-Lite,
including role inclusions, which offer expressive features that are rather similar to those
of £L£. But the results we have shown are considerably better: containment in PSPACE
and ALOGTIME w.r.t. combined and data complexity. Although we could not achieve
FO rewritability, the latter result is interesting since containment in ALOGTIME is
considered as an indicator for the existence of efficient parallel implementations [AB09,
Thm. 6.27]; also recall that, in many applications, data complexity better captures
resource consumption than combined complexity (see Section 2.3). To achieve both of
these results, we have shown that polynomially many stored assertions and queries, if
guessed before processing, suffice to test r-satisfiability; that is, to testy;y if the data of
one observation moment does not contradict rigid knowledge about past moments.

In Chapter 7, we have considered TCQ entailment regarding the two DLs DL-Liteg,opm,
and DL-Litep,,;, also with role inclusions, which are no Horn logics. These DLs are rather
expressive, but do not allow to model qualified existential restrictions on the left-hand
side of concept inclusions. As described above, we have identified this feature as a
cause of complexity for TCQ answering; recall that it is the main difference between £.L
and DL-Litepy,, which instead allows for inverse roles. For that reason, the results of
Chapter 7 are especially interesting. We have shown that entailment in DL-Litep,,; can
be reduced to entailment in DL-Litegyom. TCQ entailment in these logics generally has
turned out to be as complex as in more expressive DLs, such as SHQ [BBL15b]. Further,
we have shown that role inclusions, which allow to express qualified existential restric-
tions on the right-hand side of concept inclusions, lead to 2-EXPTIME-completeness in
combined complexity, which is even higher than the results proven for very expressive
DLs [BBL15b]. Note that further results on TCQ entailment in DLs extending SHQ
are presented in [BBL15a]. An interesting observation regarding those DLs is that the
complexity of CQ entailment is often already higher than the one of TCQ entailment
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in SHQ. Nevertheless, the complexities for several cases are still open, also for CQ
entailment.

In Chapter 8, we have investigated query answering, considered temporal query lan-
guages based on many different atemporal query languages studied in the literature,
and regarded various different lightweight logics as ontology languages. In particular,
we have achieved a generic rewritability result by disallowing negation in the temporal
queries.

Altogether, our results show that the features we have studied can often be considered
“for free”:

e Regarding combined complexity, we have shown that there are many popular DLs
for which the problems of DL-LTL satisfiability or TCQ entailment w.r.t. a TKB
are in PSPACE, even if rigid symbols are considered. This matches the complexity
of satisfiability in LTL, which is much less expressive given the fact that ontologies
are not considered at all.

e Comparing the data complexity of TCQ entailment to that of CQ entailment,
we only get similar results for ££ in the case without rigid symbols, and for the
expressive DL-Lite logics in the cases without rigid roles?; but the TCQs still
provide much more expressivity. Moreover, the results for DL-Lite}l = are not
much higher than the ACP°-containment given for standard CQ entailment and
even hold w.r.t. rigid symbols.

e There exist many rewritable query languages QL and lightweight logics DL that
satisfy the requirements which we show to imply that positive temporal QL queries
w.r.t. DL TKBs are similarly rewritable.

9.2 Future Work

Our results can be extended in two directions: on the theoretical side, it is left to
close some gaps and to push the envelope of the promising results by considering more
expressive query and ontology languages; on the other hand, many questions are left
open regarding the practical impact of our results.

In this work, we have focused on the standard LTL operators in queries and basic
lightweight DLs as ontology languages. We consider several follow-up questions to be
especially interesting:

e What tight data complexity results do we get for TCQ entailment in the more
expressive DL-Lite fragments if rigid role names are considered? The difference
between in cO-NP and in EXPTIME should have an impact on practical consid-
erations.

e For which extensions of EL£ and DL-Lite do we get similar complexity results?
This may be particularly interesting regarding ££0 | (D)3, the DL closest to OWL
2 EL for which we may get such results—in ££7 and ££11, CQ answering is

2Note that the result for the case with rigid roles is not tight.
86L0, (D) extends £LO in that it allows to use concrete domains.
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undecidable [Ros07, Thm. 3]. Recall that DL-Liteg, the DL closest to OWL 2
QL extends DL-Liteq,re with role inclusions and allows to express disjointness of
roles. Since we consider the former with DL-Lite and the latter can be easily
modeled with TCQs, our results for DL-Lite’! ., extend to DL-Liteg. Yet, there
are many other features that can be regarded with DL-Lite and which we have not
considered; for example, functionality or number restrictions [Art+09]. We also
estimate the possibility to refer to concrete values in the ontology to be particularly
relevant in practice. Hence, another useful extension for both the query and the

ontology language could be concrete domains [BH91].

Are there restrictions that yield better complexities and constraints different from
the ones we have proposed for achieving rewritability? Since several restrictions
have turned out to be effective for temporal lightweight DLs [Art+15a; GJK16],
also our results could be augmented by considering, for instance, acyclicity condi-
tions for the ontology.

What is the influence of metric temporal operators in the queries? First steps in
the direction of metric temporal DLs have recently been made [GJO16; Baa+17].
Since there are metric extensions of LTL for which the complexity does not dif-
fer from that of LTL [LWWOT7], it would be interesting to see if our approaches
are robust enough or can be extended to work for temporal queries with such
operators.

Can we also achieve good results if we allow some temporal operators in the on-
tology? That is, finally, our work could be integrated with recent advances on
temporal lightweight DLs [Art+15a; GJK16], which show that rewritability can
be obtained sometimes and that there are several kinds of restriction that allow
for tractable query answering.

On the practical side, several questions arise directly:

190

e Are there efficient algorithms for solving the satisfiability problem for temporal

queries? Our PSPACE results rely on the LTL satisfiability algorithm proposed
in [SC85]. Practical algorithms solving LTL satisfiability are however usually
exponential-time approaches or apply special techniques, such as parallelization,
to cope with the nondeterminism since the guessing employed in the original al-
gorithm is hardly feasible in applications [Wul+08; Li+13; Li+15]. It is still open
which kinds of algorithms are useful in applications of ontology-based temporal
query answering, in particular, if rigid symbols are considered. On the other
hand, application knowledge discerning rigid symbols in advance could improve
performance.

For the cases where we have shown promising results for query entailment, do
there exist efficient algorithms for query answering? In general, algorithms solv-
ing query entailment do not allow for efficient query answering since the latter
problem, in practice, is harder to solve (see Section 3.1).

Can the rewritability result easily be implemented based on existing systems rewrit-
ing atemporal queries? Recall that it has been rather easily obtained from existing



9.2 Future Work

rewritability results for the atemporal case. In [BLT15], we describe different al-
gorithms for temporal query answering that rely on such existing approaches, but
the implementation is still future work.
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