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Résumé étendu en francais

La réponse a des requétes en présence d’'une ontologie (OMQA, pour “ontology-
mediated query answering”) est une approche facilitant 'accés & des données par
I'intermédiaire d’ontologies. Ces derniéres sont des spécifications formelles de
la terminologie et des connaissances conceptuelles d’'un domaine d’intérét. Les
ontologies peuvent servir a fournir un vocabulaire adapté a la formulation de
requétes, ce qui est particulierement adéquat lors de l'intégration de diverses
sources de données. Les ontologies capturent également des connaissances sur
le domaine étudié, qui peuvent étre utilisées pour gérer des données incomplétes
en inférant des informations implicites, ce qui permet d’enrichir les réponses aux
requétes posées. A partir d’environ 2005 et des premiers travaux de Poggi et al.
[2008], OMQA est devenu un champ de recherche prolifique dans les communautés
IA et bases de données. Les articles de synthése [Bienvenu and Ortiz, 2015; Xiao
et al., 2018] fournissent une introduction a ce domaine ainsi que de nombreuses
références vers la littérature existante.

Cette thése étudie la question de la réponse a des requétes de comptage dans
ce cadre OMQA, et plus particuliérement la complexité de ce probléme. A ce jour,
ce sujet n’a été étudié que dans des cas trés restreints, et sans définition commune
de ce que sont les requétes de comptage. De plus, les résultats existants sont
largement insatisfaisants puisque la plupart échouent & déterminer avec exactitude la
complexité du probléme, et ce malgré I'expressivité limitée des langages d’ontologies
considérés.

Une nouvelle étude de ces requétes de comptage en présence d’'une ontologie
est donc nécessaire. Nous définissons tout d’abord une notion simple et élégante
des requétes de comptage qui généralise plusieurs définitions précédentes. Nous
étendons ensuite notre cadre a des langages d’ontologies plus expressifs, qui étendent
ceux explorés jusqu’alors mais couvrent aussi d’autres logiques trés populaires,

X



Logiques de description

notamment utilisées dans la pratique. Dans ce contexte élargi, nous caractérisons
la complexité exacte du probléme de réponse aux requétes de comptage en présence
de ces ontologies expressives, et déterminons ensuite comment celle-ci varie si 'on
restreint la structure des requétes et/ou 'expressivité du langage des ontologies.
Notre travail ne clot pas seulement les questions laissées ouvertes dans de précédents
travaux, mais étend aussi notre compréhension des requétes de comptage a des
panels bien plus larges de situations OMQA.

Logiques de description

La plupart des travaux sur OMQA considére que la connaissance est représentée
par des logiques de description, une famille de langages introduite dans les années
80 [Brachman and Schmolze, 1985], et qui a suscité beaucoup d’attention depuis
[Baader et al., 2003, 2017|. Dans les logiques de descriptions, les notions élémentaires
du domaine d’intérét sont décrites par un vocabulaire consistant de concepts et de
roles, qui sont respectivement des prédicats unaires et binaires, et a partir desquels
des concepts et roles plus complexes peuvent étre obtenus par divers constructeurs
(par exemple la conjonction M). La diversité de ces constructeurs est dictée par la
logique de description.

Une base de connaissance en logique de description se décompose en deux parties:
une ontologie et des données. L’ontologie contient la connaissance terminologique
du domaine, et consiste en un ensemble d’axiomes (tels que des inclusions C) qui
décrivent les relations entre les différents concepts et roles. Les données représentent
des connaissances factuelles, et précisent quels sont les concepts satisfaits par tel
ou tel individu et quels réles les connectent. Cela prend la forme d’un ensemble de
faits que I'on peut assimiler a une base de données usuelle (mais restreinte a des
faits unaires et binaires).

L’intérét des logiques de description pour représenter des connaissances est
désormais largement reconnu et celles-ci sont le fondement logique du langage
d’ontologie web OWL, un standard W3C pour le web sémantique [Horrocks et al.,
2003, 2006; Hitzler et al., 2009]. Une attention toute particuliére a été portée aux
familles DL-Lite et ££ de logiques de description [Calvanese et al., 2007b; Baader
et al., 2005], du fait de leurs bonnes propriétés en terme de complexité. DL-Lite est
adapté pour des applications impliquant un grand volume de données et a donné
naissance au profil OWL 2 QL, tandis que les logiques de la famille £L£ sous-tendent
le profil OWL 2 EL! et sont utilisées pour exprimer des ontologies médicales a
grande échelle telles que SNOMED CT? [Spackman, 2000].

"https://www.w3.org/TR/owl2-profiles/
2http://www.ihtsdo.org/snomed-ct
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Résumé étendu en francais

La ou les travaux existants sur les requétes de comptage se cantonnent a des
fragments de la famille DL-Lite, cette thése étend le champ d’étude a la logique
plus expressive ALCHZ, qui contient a la fois EL et des fragments trés usités de la
famille DL-Lite.

Opérations de déduction

Une couche ontologique sur des données conduit a de nouvelles opérations de
déduction et accroit la complexité de celles usuellement considérées dans le contexte
des bases de données. Les opérations communes incluent par exemple la question
de la satisfiabilité, qui sert a détecter si une base de connaissance contient des
informations contradictoires, et la question de la subsomption, qui teste si un
concept donné est plus spécifique qu’un autre.

Comme son nom le laisse deviner, le cadre OMQA est particuliérement intéressé
par les réponses a des requétes, une opération tres étudiée dans le cadre des bases
de données relationnelles usuelles et qui correspond, quand des ontologies sont
introduites, a se demander si une requéte est une conséquence logique de la base
de connaissances considérée.

La complexité de ces opérations de déductions augmentent naturellement avec
I'expressivité de la logique de description considérée et du langage de requéte.
Un compromis est donc nécessaire entre la capacité des logiques de description
a représenter des connaissances de facon satisfaisantes, et I'efficacité a raisonner
avec des bases de connaissances exprimées dans ces logiques. La compréhension
de la complexité des opérations de déduction est donc un enjeu majeur dans le
paradigme OMQA: elle guide le choix du langage de requétes et de la logique de
description selon le cas applicatif étudié. De telles considérations pratiques ont
menés au développement des logiques de description dites “légeres”, telles que les
sus-mentionnées DL-Lite et ££, qui permettent de bonnes performances [Calvanese
et al., 2007b; Baader et al., 2005].

Les travaux existants sur les réponses a des requétes de comptage [Kostylev
and Reutter, 2015; Calvanese et al., 2020a] échouent & caractériser pleinement la
complexité de ce probléeme de déduction, laissant souvent des trous béants entre les
bornes de complexité supérieure et inférieure. Dans cette thése, nous déterminons
exactement la complexité du probléme de réponse a des requétes de comptage
dans toutes les situations étudiées, cloturant ainsi les cas restés ouverts de la
littérature mais fournissant également une compréhension fine de ce probléme dans
des contextes bien plus vastes.

Counting Queries in Ontology-Based Data Access xi



Requétes

Requétes

La grande majorité des travaux dans le cadre OMQA suppose que 'utilisateur
formule ses requétes sous la forme de requétes conjonctives. De telles requétes
demandent si une condition conjonctive donnée, la requéte, est logiquement induite
par la base de connaissance formée de I'ontologie et des données.

Cependant, il existe de nombreux autres types de requétes, au dela des requétes
conjonctives, qui sont utiles en pratique. Cela a motivé des recherches sur I’adoption
d’autres langages de requétes pour OMQA. Tandis qu’enrichir les requétes con-
jonctives par des conditions négatives ou des inégalités méne a des problémes
indécidables, méme sous des hypothéses trés restreintes [Gutiérrez-Basulto et al.,
2015], la situation est plus favorable pour les requétes navigationnelles (comme
celles fondées sur des chemins réguliers), qui peuvent étre utilisées sans perdre le
caracteére décidable du probléme associé, et qui a méme parfois une complexité tout
a fait raisonnable vis-a-vis des données |Bienvenu et al., 2015].

Les requétes d’agrégation, qui utilisent des opérateurs numériques (comme du
comptage, des sommes ou des moyennes) pour résumer certaines parties du jeu de
données, constituent une autre classe majeure des requétes en bases de données.
Bien que de telles requétes soient largement utilisées pour l'analyse des données,
elles demeurent peu explorées dans le contexte OMQA. Cela est peut-étre di au
fait qu’il n’est pas évident de définir la sémantique de ces requétes.

Plusieurs sémantiques ont ainsi été proposées ces derniéres années [Calvanese
et al., 2008; Kostylev and Reutter, 2015| pour répondre & ce probléme, mais sans
atteindre une définition unifiée et satisfaisante. Cette thése définie une sémantique
qui généralise celles explorées dans [Kostylev and Reutter, 2015] et permet des
requétes relativement expressives.

Contributions

Cette thése présente un panorama exhaustif de la complexité du probléme de la
réponse a des requétes de comptage en présence d’ontologies selon trois dimensions.
La premiére est 'expressivité des ontologies: nous explorons systématiquement
ALCHT et ses sous-logiques, ALCHZ étant une logique de description trés expres-
sive qui capture notamment £L et les principales sous-logiques de DL-Lite. La
deuxiéeme dimension est le langage de requéte: nous considérons une notion générale
de requéte conjonctive de comptage (CCQ, pour “counting conjunctive query”), et
explorons ensuite deux sous-classes naturelles de CCQ, basées respectivement sur
I’enracinement et 'atomicité, afin de déterminer si de telles restrictions syntaxiques
réduisent la complexité de la réponse a ces CCQs. La troisiéme dimension est la
mesure de la complexité utilisée. Nous considérons a la fois la complexité combinée,
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usuelle, et la complexité de données, la premiére explicitant la complexité totale du
probléme tandis que la seconde se concentre sur comment cette complexité évolue
selon la taille des données.

Notre premiére contribution est la sémantique méme des requétes de comptage.
Rappelons qu’un modéle est une facon de compléter les données afin de satisfaire
a tous les axiomes de 'ontologie. Dans un modéle donné, nous nous intéressons
aux fagons de satisfaire une requéte conjonctive, que 'on appelle des matches ;
leur nombre constitue la réponse a la requéte de comptage correspondante, et varie
de modéle en modéle. La sémantique que nous définissons pour une réponse a
une CCQ sur une base de connaissance consiste en des bornes sur ce nombre de
matches, qui doivent étre valides pour tout modéle de la base de connaissance. Ces
réponses sont appellées des réponses certaines, étendent les sémantiques présentées
dans [Kostylev and Reutter, 2015] et généralisent le probléme usuel de réponse a
des requétes conjonctives.

Dans le cas général des CCQs, nous prouvons que le probléme de réponse a
ces requétes est 2EXP-complet pour la plupart des sous-logiques d’ALCHZ, mais
devient coNEXP-complet pour DL-Litecy. En terme de complexité de données,
nous montrons que le probléme est coNP-complet pour toutes les sous-logiques
considérées. Les techniques développées s’appuient sur des manipulations pré-
cautionneuses des modeéles, qui préservent a la fois le nombre de matches de la
requéte et déplient les régularités inhérentes au modele. Nos constructions s’avérent
robustes dans la mesure ou elles nous permettent de clore une question voisine
dans le domaine des prédicats clos, pour lequels certains prédicats ne peuvent
s'interpréter au-dela de leur description dans les données. Nous montrons ainsi que
le probléme de satisfiabilité d’une base de connaissance exprimée dans DL-Litege €t
avec des prédicats clos est coONEXP, rejoignant ainsi une borne inférieure existante.

Dans la perspective d’identifier des cas profitant d’une meilleure complexité, nous
considérons d’abord I'impact de la restriction aux CCQs enracinées. L’enracinement
est en effet une restriction syntaxique bien connue pour réduire la complexité dans
des cadres OMQA proches. Il s’avére cependant que ’adaptation la plus directe
de cette restriction & nos CCQs ne conduit pas a de meilleures propriétés que
dans le cas général. Cela nous conduit & nous concentrer sur une classe plus
restreinte: les CCQs enracinées et exhaustives. Pour cette derniére classe, nous
utilisons des variations des constructions développées précédemmemt afin d’obtenir
quatre améliorations différentes, selon la logique de description considérée, allant
de la PP-complétude a la coNEXP-complétude. Cette derniére repose notamment
sur la présence de roles inverses dans ’ontologie, une fonctionnalité déja connue
pour augmenter la complexité des requétes enracinées. En terme de complexité
de données, nous exhibons des cas raisonnables en pratique pour les ontologies
exprimées dans DL-Lite.,e. Ce résultat positif s’appuie sur le fait que le modéle
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canonique minimise le nombre de matches.

Nous continuons notre quéte de cas plus simples, en terme de complexité, que
le cas général, par une autre restriction sur le langage de requétes, sans lien avec
I’enracinement: 1’atomicité. La classe des CCQs consistant en un seul atome,
que nous appelons des requétes de cardinalité, sont disponibles en deux saveurs
selon que le prédicat d’intérét est unaire ou binaire. De nombreuses connexions
naturelles avec la sémantique des prédicats clos sont exploitées afin de déterminer
la complexité combinée du probléme de réponse & ces requétes de cardinalité.
Nous prouvons que ce probléme est coNP-complet pour les langages de la famille
DL-Lite, tandis qu’il demeure EXP-complet pour £L et plusieurs de ses extensions.
Quand les ontologies sont suffisamment expressives pour contraindre les modéles
a étre de taille exponentiellement grande, cette complexité augmente en coNEXP-
complétude, ce qui est surprenamment élevé pour un cas particulier d’apparence si
simple. Cependant, la situation est plus favorable en complexité de données, pour
laquelle nous identifions des cas raisonnables pour des ontologies formulées dans la
famille DL-Lite. De fagon remarquable, ces derniers résultats ne reposent pas sur
I'existence d’un modéle canonique optimal mais plutot sur I'existence d’une famille
de modéles dans laquelle un modéle optimal peut toujours étre trouvé. Finalement,
nous éclaircissons la complexité des requétes de cardinalité dans la famille DL-Lite
par une analyse de cette complexité pour chaque paire requéte-ontologie. En
particulier, nous caractérisons complétement la complexité de données de ces paires,
pour des ontologies exprimées dans DL-Lite’ et montrons une trichotomie (TCO,

pos?

coNP; ou logspace-équivalent & PERFECT MATCHING).
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Introduction

Ontology-mediated query answering (OMQA) facilitates access to data through the
use of ontologies, which are formal specifications of the terminology and conceptual
knowledge of a given application domain. Ontologies can serve to provide a
convenient vocabulary for query formulation, which is especially relevant when
integrating data from different sources, and they also provide domain knowledge
that can be exploited at query time to infer implicit information and obtain more
complete query results, thus helping to tackle data incompleteness. Starting from
around 2005 and the seminal work of Poggi et al. [2008], OMQA has grown into an
active topic of research in the Al and database communities. The survey articles
[Bienvenu and Ortiz, 2015; Xiao et al., 2018 provide introductions to the area and
pointers to the literature.

This thesis investigates the issue of answering counting queries in the OMQA
framework and focuses in particular on pinpointing the precise computational
complexity of this problem. So far, this topic has only been explored for very
restricted settings, without even a unified notion of what is a counting query.
Furthermore, existing complexity results remain unsatisfactory as many of them fail
to pinpoint the precise complexity of the problem, despite the limited expressiveness
of the considered ontology languages.

This motivates us to take a fresh look at counting queries in OMQA. We
begin by defining a simple yet elegant notion of counting query, which is a natural
generalization of some existing notions. We further extend the scope of our study
to more expressive ontology languages, which properly extend those explored so
far but also cover other popular logics that are used in practical applications. In
this broader context, we characterize the precise complexity of answering counting
queries over these expressive ontologies, and further determine how the complexity
varies if we restrict the structure of the counting queries and/or the expressiveness
of the ontology language. Our work not only closes the complexity gaps that had



Description Logics

been left open in the literature, but it also extends our understanding of counting
queries to a much wider range of OMQA settings.

Description Logics

Much of the work on OMQA considers ontologies formulated in fragments of first-
order logics such as description logics (DLs) or existential rules (also known as
Datalog®). In this work, we focus on description logics ontologies, a family of
knowledge representation languages introduced in the 80’s [Brachman and Schmolze,
1985 and which has drawn a lot of attention since then |Baader et al., 2003, 2017].
In DLs, the basic notions of the domain of interest are described using a vocabulary
consisting of concept and roles names, that are respectively unary and binary
predicates, from which complex concepts and roles can be further built using
various constructors (e.g. conjunction M or existential restriction 3). The set of
available constructors is dictated by the considered DL.

A DL knowledge base consists of two components: a TBox and an ABox. The
TBox (or ontology) contains the terminological knowledge about a domain and
consists of a set of axioms (such as inclusions, C) that describe the relationship
between different concepts and roles. The ABox captures the assertional knowledge
by specifying which concepts, resp. roles, hold on which individuals, resp. connect
which pairs of individuals, where individuals are constants. It takes the form of
a set of ground facts and can be thought of as a classic database instance (but
restricted to unary and binary facts).

Let us give a toy example to illustrate these latter definitions. It is common
knowledge that a mule is an animal that is the offspring of a male donkey and a
female horse, these two latter being distinct species of animals. Assume we know a
mule molly, but no horse nor donkey. Using DL notations, our toy example could
be captured with the following TBox consisting of 4 axioms:

Mule C Animal M dMaleParent.Horse M dFemaleParent. Donkey
Horse M Donkey C | Horse T Animal Donkey = Animal

and by the ABox containing a single fact:
Mule(molly).

The interest of description logics to represent knowledge is now widely recognized,
and DLs notably provide the logical foundations of the OWL web ontology language,
a W3C standardized language for the Semantic Web [Horrocks et al., 2003, 2006;
Hitzler et al., 2009]. Particular attention has been paid to the DL-Lite [Calvanese
et al., 2005, 2007b; Artale et al., 2009] and £L families [Baader et al., 1999, 2005,
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2008|, due to their favorable computational properties. DL-Lite is well suited for
data-intensive applications and gave rise to the OWL 2 QL profile, while DLs of
the £L family underly the OWL 2 EL profile! and are used to specify large-scale
medical ontologies such as SNOMED CT? [Spackman, 2000].

While existing work concerning counting queries in OMQA has remained limited
to fragments of the DL-Lite family, this thesis extends the scope to the expressive
description logic ALCHZ, with subsumes both ££ and popular dialects of the
DL-Lite family.

Reasoning tasks

Adding an ontological layer on top of data motivates looking at new reasoning
tasks, and it typically also increases the complexity of the usual computational
tasks considered in the database domain. Common reasoning tasks include for
example satisfiability, that serves to detect whether a knowledge base contains
contradictory information (e.g. if there exists an animal that is both an horse and
a donkey, in our toy example) and subsumption, that tests if a concept is more
specific than another (e.g. it can be deduced that Mule C Animal even though this
axiom is not explicitly given in our toy TBox).

As its name suggests, OMQA is additionally concerned with query answering,
a task that is well studied for classical relational databases, and which corresponds,
when ontologies are introduced, to testing if a query is logically entailed from the
knowledge base of interest.

The complexity of these reasoning tasks generally increases with the expressive-
ness of the considered DL and query language. A trade-off hence arises between the
capacity of DLs to provide a satisfactory representation of the domain knowledge,
and the desired efficiency to reason over DL KBs. Understanding the complexity
of the reasoning tasks of interest is a major issue in OMQA: it guides the choice
of which DL and which query language should be used for a given application.
Practical considerations led to the development of so-called ‘lightweight’ DLs,
such as the previously mentioned DL-Lite and £L£ families, which enjoy favorable
computational properties [Calvanese et al., 2007b; Baader et al., 2005].

Existing work on the task of answering counting queries [Kostylev and Reutter,
2015; Calvanese et al., 2020a] fails to fully characterize the complexity of the
query answering task, with many open gaps between the obtained upper and lower
complexity bounds. In this thesis, we pinpoint the exact complexity of answering
counting queries in all of the considered situations, thereby closing the open cases

https://www.w3.org/TR/owl2-profiles/
2http://www.ihtsdo.org/snomed-ct
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from the literature as well as providing a precise understanding of the problem for
a much wider range of settings.

Queries

The question of how to query DL knowledge bases (KBs), composed of a TBox
(ontology) and ABox (data), has been explored since the early days of DL research.
Initially, the focus was on instance queries [Baader et al., 2003], where the task is to
determine all members of a given concept or role and which basically corresponds
to testing entailment of atomic facts from the KB. However, starting from the
works of [Calvanese et al., 1998; Levy and Rousset, 1998; Horrocks and Tessaris,
2000; Calvanese et al., 2005], and motivated by the interest of using DL ontologies
to improve data access, attention shifted to the more expressive conjunctive queries
(CQs), and the vast majority of work on OMQA takes CQs as the query language.
Such queries consist of a conjunction of atoms and have been widely studied in the
database community, as they correspond to the Select-Project-Join fragment of
the SQL query language. In the OMQA setting, the problem of answering CQs
essentially corresponds to asking whether the conjunctive condition given by the
query and candidate answer tuple is entailed from the knowledge base.

In our toy example, one can ask “Who has a parent who is a horse?”. Using a
classical database management system (DBMS), this query would not admit any
answer as no horse occurs in the data. In the OMQA setting, however, the domain
knowledge can be used to infer that the mule molly must have a (male) parent who
is a horse, hence, we are able to deliver the intended answer: molly.

However, there are many other kinds of database queries, beyond plain CQs, that
are relevant in practice. This motivated research into the feasibility of adopting
other database query languages for OMQA. While enriching CQs with either
negated atoms or inequalities has been shown to lead to undecidability even in
very restricted settings |Gutiérrez-Basulto et al., 2012, 2015|, the situation is more
positive for navigational queries (like regular path queries), which can be adopted
without losing decidability, sometimes even retaining tractable data complexity
[Calvanese et al., 2007a; Ortiz et al., 2011; Stefanoni et al., 2014; Bienvenu et al.,
2015].

Aggregate queries, which use numeric operators (e.g. count, sum, max) to
summarize selected parts of a dataset, constitute another prominent class of
database queries. While they have been studied for a broad range of related
settings®, from relational databases to extensions of rule-based languages such as
Datalog or Answer Set Programming (ASP), and are widely used for data analysis,

3See Section 3.1.1 for a presentation of the state-of-the-art regarding aggregate functions.
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these queries have been little explored in the framework of OMQA. This may be
partly due to the fact that it is not at all obvious how to define the semantics of
such queries in the OMQA setting. In our toy example, one can ask “How many
animals are there?”. A classic DBMS will return the answer 0 (it only knows molly
as a mule, not an animal). The expected answer is less clear in the OMQA setting:
should it be 1 because of molly? or rather 3 if also counting its two parents? or “at
least 377 or maybe “at least 2”7 as our toy ontology does not prevent molly from
being its own parent?

Several semantics of counting queries over OMQA have hence been proposed
in the past years [Calvanese et al., 2008; Kostylev and Reutter, 2015 to address
this question, without reaching a satisfactory unique definition. This thesis defines
a semantics unifying both those explored in [Kostylev and Reutter, 2015| and
allowing for rather expressive queries.

Structure of the thesis

We present a complete picture of the complexity landscape of answering counting
queries, along three main dimensions. The first dimension is the expressive power
of the ontology: we systematically explore a variety of sublogics of ALCHZ, an
expressive description logic that notably captures both ££ and central dialects of
the DL-Lite family. The second dimension is the query language. We consider a
general notion of counting conjunctive query (CCQ) and further explore two natural
subclasses of CCQs, based upon rootedness and atomicity, to determine whether
such syntactic restrictions lower the complexity of CCQ answering. The third
dimension is the complexity measure. In this work, we consider both the standard
combined complexity as well as data complexity, with the former elucidating the
overall complexity of the problem, and the latter focusing on how the complexity
scales w.r.t. the size of the data.

We now present the global structure of this dissertation, organized according to
the second dimension.

Chapter 2. This chapter introduces the necessary notions for later chapters: it
defines the investigated description logics, the associated semantics, and recalls the
standard reasoning tasks and their complexities.

Chapter 3. This chapter formally defines the consider query language of CCQs
and pinpoints the precise complexity of answering these queries. Based on the
construction of interlacings, which are models enjoying good properties with respect
to the query of interest, we prove that the combined complexity ranges from coNEXP-
completeness to 2EXP-completeness, depending on the considered DL, while we
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obtain coNP-complete data complexity for all considered logics. Interestingly, our

approach also allows to answer an open question from the related problem of
OMQA with closed predicates.

Chapter 4. This chapter explores rootedness, a structural restriction on queries
that is known to lower the complexity of reasoning in related OMQA settings. We
show that the most straightforward adaptation of rootedness to CCQs does not
lead to improved complexity, which motivates us to focus on a natural subclass of
exhaustive rooted CCQs. For this latter class, we use variations of the constructions
developed for the general case to obtain four different improvements depending on
the considered DL, ranging from PP-completeness to coNEXP-completeness, for
the combined complexity measure. For data complexity, we prove that exhaustive
rooted CCQ answering over DL-Lite.y. ontologies is tractable and enjoys the lowest
possible complexity (TC).

Chapter 5. This chapter explores cardinality queries, which are CCQs consisting
of a single atom. Several connections with OMQA with closed predicates are
exhibited, which we use to determine the combined complexity of cardinality query
answering in all of our considered DLs. In particular, we prove that the problem is
coNP-complete for the DL-Lite family and is EXP-complete for ££ and several of
its extensions. This complexity even rises to coONEXP-completeness for the most
expressive investigated DLs. The situation is more favorable in data complexity,
as we obtain tractable cases (TC’) in the DL-Lite family. Finally, we gain further
insights into the complexity of cardinality query answering in the DL-Lite family
by performing a non-uniform complexity analysis that aims to determine the data
complexity associated with each particular ontology-mediated query (OMQ). In
particular, we are able to fully characterize the data complexity of OMQs consisting
of a cardinality query and DL—Lite?foS ontology, exhibiting a complexity trichotomy

(TC®, coNP, or logspace-equivalent to PERFECT MATCHING).

Chapter 6. This chapter summarizes the results of the thesis and suggests several
further directions of research.

Annex A. Additional proof material that has not been included within the thesis
is available in this annex.

Annex B. This annex aims to facilitate the understanding of the four investigated
flavors of interlacings by centralizing useful definitions and figures. We encourage
the reader to keep a printed version of this annex close at hand.
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Related publications

Some of the results presented in this thesis have already been published:

The semantics of CCQs introduced in Chapter 3, the associated coNP and
DP procedures for DL-Lite ontologies with respect to data complexity, and
some results from Chapter 4 regarding rooted CCQs, again over DIL-Lite, can
be found in [Bienvenu et al., 2020].

In Chapter 5, all of the data complexity results for cardinality query answering
over DL-Lite ontologies have been presented in [Bienvenu et al., 2021al,
including the complexity classification in Section 5.5.

The generalization of these DL-Lite approaches to sublogics of ALCHT
between L and ELHTI, appeared in a workshop paper |Bienvenu et al.,
2021b], establishing in particular data complexity results for CCQ answering
over these ontologies that appear in Chapter 3, while the exact combined
complexity remained open.

In Chapter 3, optimal bounds for CCQ answering over these sublogics of
ELHT, with respect to combined complexity have been further presented in
[Bienvenu et al., 2022|. This latter publication also provides all the results
from Chapter 5 concerning cardinality queries answering over these DLs.

By contrast, all of the results in this thesis that concern ALC or its extensions have
not been published yet, and the study of rooted CCQs beyond DL-Lite, notably in
extensions of £L, is also a novelty.
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Preliminaries

This chapter introduces the background notions required for the later chapters.
We begin with the description logics (DLs) investigated in this thesis: we define
ALCHT knowledge bases, their interpretations and models. Closed predicates are
also briefly introduced as several connections to this setting will be made and
exploited in later chapters. We further give an overview of the usual reasoning
tasks and recall their associated complexities.

2.1 Description Logics

ALCHT is an extension of the central ALC description logic, which serves as a
base for many more expressive DLs. We hereby recall its syntax and its relevant
sublogics. ALCHZ notably extends £L and, by allowing for inverse roles, several
dialects of the DL-Lite family such as DL-Litecye. Importantly, and following
Bienvenu et al. [2014a|, we allow negative role inclusions in ALCHZ so that it
admits DL-Lite _ as a sublogic. We further recall the usual set semantics for these

DLs, through the notions of interpretations and models, present a normal form for
ALCHIL ontologies, and briefly introduce the semantics of closed predicates.

2.1.1 ALCHI and its sublogics

Description logics usually split the representation of knowledge into two parts: a
terminological one, the ontology, and an assertional one, the data. The second
accounts for ground facts that are typically stored and processed by database
management systems, while the first represents the domain knowledge, given by a
logical theory. The building blocks of these two parts are concept and role names
(unary and binary predicates) that can further be combined, using the constructors
provided by the considered DL, to obtain complex concepts and roles.



2.1. Description Logics

DL-Lite Suffixes Examples
pos core EL ALC H I | \ ALCT ELH,
. A|FRT | v v v v v
5 T|BiNB,|3R.B VY v v
§ 1 v v v v
-B | B; UB;y | VR.B v v
8 ReNg| vV v V v v v v
= ReNE| v v v v
2 Positive concept incl. | v vV v v v
.E Positive role incl. v v
< Corresp. neg. incl. v v v v v

Table 2.1: Allowed features depending on the considered DL.

Definition 1. We assume mutually disjoint sets Nc, Ng, and Ny of concept, role,
and individual names, their union being the basic vocabulary used to represent
knowledge. A knowledge base (KB) K := (T,.A) consists of a terminological part T
called a TBox, and an assertional part A called an ABox. An ABox is a finite set
of concept assertions A(b) (with A € N¢, b € N;) and role assertions P(a,b) (with
P € Ng, a,b € N;). We denote by Ind(A) the set of individuals occurring in an
ABox A. A TBox is a finite set of axioms, whose forms are dictated by the DL in
question.

We shall use sig(T) (resp. sig(A) and sig(K)) to denote the signature of a
TBox T (resp. ABox A and KB K), i.e. the set of concept and role names
appearing in T (resp. A and K).

The types of axioms that can appear in a TBox depends on the chosen DL, but
the most common form of TBox axiom are inclusions that can represent hierarchies
between concepts or roles, but also enforce disjointness of such predicates. To define
the syntax of the DLs considered in this thesis, it will be helpful to distinguish four
possible shapes of inclusions in the TBox.

Definition 2. We distinguish four kinds of possible axioms in a TBox: positive
concept inclusions By C By, negative concept inclusions By M By T L (alternatively
denoted B; C —By), positive role inclusions R; C Ry, and negative role inclusions
Ri MRy C L (alternatively denoted Ry © =Ry ), where By, By, resp. Ry, Rg, are
concepts, resp. roles, whose forms are dictated by the DL of interest.

We begin with the most expressive DL considered in this thesis, namely ALCHZ,
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which allows all four shapes of inclusions in the TBox, with roles R drawn from
the set NZ := {P,P~ | P € Ng}, consisting of all role names P and their inverse
role P~, and with concepts B constructed according to the following grammar:

B:=T|L|A|-B|B;MBy|B;UBy|3RB|VR.B with A€ Nc,R € Ng.

Remark 1. We follow e.g. Bienvenu et al. [2014a] by including negative role
inclusions in ALCHZI, so that it has DL-Lite! _ (defined later) as a sublogic. We
also remark that, in the case of ALCHZ, allowing negative concept inclusions is
redundant as positive concept inclusions already allow us to express such negative

concept inclusions, due to the expressive syntax of concepts in ALCHL

Various sublogics of ALCHZ can be obtained by disallowing some forms of
inclusions, inverse roles, and/or several concept constructors. For example, the
well-known E£L [Baader et al., 1999, 2005, 2008] is obtained by removing negative
concept inclusions, both shapes of roles inclusions, inverse roles and restricting to
the concepts B obtained from the following grammar:

B:=T|A|B NBy|3R.B with A € N¢,R € Ng.

We shall also consider some DL-Lite dialects that are fragments of ALCHZ.
The most expressive dialect is DL-Lite’ _ (alternatively known as DL-Liteg ) which
allows the four kind of inclusions, inverse roles, and the following restricted forms

of concepts:
Di:=A|3R.T with A € Nc,R € Ng.

The logics DL—LiteZ)’és, DL-Litecore, and DL-Liteyos are obtained respectively by
dropping negative inclusions, role inclusions, or both features [Calvanese et al.,
2005, 2007b; Artale et al., 2009].

Table 2.1 summarizes the naming conventions underlying each explored com-
bination: the row entries are the possible features and column entries are (parts
of) names of DLs. A feature is allowed in a DL if the symbol v" is present in a
column corresponding to (a part of) the name of the DL. Generally speaking, one
starts from either DL-Liteyos, DL-Litecore, £L£ or ALC and adds combinations of
the 3 available suffixes H, Z and / or |, that are not intended to be considered
alone. The use of H indicates that role inclusions are allowed, use of Z that inverse
roles are allowed (both for building concepts and in eventual role inclusions), and
1 that the concept L is allowed along with the negative inclusions corresponding
to the positive permitted inclusions. Several combinations are of course irrelevant
as redundant, e.g. DL—LitefOS or ALC, .

In addition to the already introduced ££ and DL-Lite logics, two examples are
detailed in the right most columns, namely ALCZ and ELH . Notice that ELH |
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ALCHT
~
ALCH ALCT
- /
ELH, ELT, DL—Liter,re
~ / \ ~
E,CL SLHI DL—Litecore
ecn | ELT ~ DL-Litel,
EL DL-Litepos

Figure 2.1: The 16 investigated sublogics of ALCHZ.

allows for both positive concept and role inclusions, and for the corresponding
negative inclusions, that is all four shapes of inclusions, while ALCZ only permits
positive and negative concept inclusions, but neither positive nor negative role
inclusions. The hierarchy, w.r.t. relative expressiveness, of the 16 sublogics of
ALCHIL explored in this thesis and obtained from combinations of the presented
restrictions, is depicted in Figure 2.1

Example 1. We reuse the example from the introduction: the knowledge base ICe,
is the pair (Tex, Aex) where Ae, := {Mule(molly)} is the ABox and T, is the TBox
consisting of the 4 axioms:

Mule C Animal M dMaleParent.Horse M dFemaleParent. Donkey
Horse M Donkey C | Horse T Animal Donkey C Animal.

There are 4 concept names and 2 role names in the signature of T.., which contains
3 positive concept inclusions, 1 negative concept inclusion and no role inclusions.
It 1s easily verified that T., is an EL, TBox.

2.1.2 Set semantics

ALCHI knowledge bases are well known to correspond to decidable fragments
of first-order logic. More precisely, ALCHZ KBs translate into the two-variable
fragment of first-order logic (see e.g. [Baader et al., 2017]), whose entailment
problem is known to be in NEXP |Grédel et al., 1997]. As fragments of first-order
logic, ALCHZ knowledge bases are equipped with the standard set semantics,
based upon interpretations, recalled next.

12 Q. MANIERE
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Constructor Syntax ‘ Interpretation
Inverse role P {(y,z) | (z,y) € P*}
Bottom L 0
Top T AT
Negation -B AT\ B?
Conjunction B, M By Bf N BZ
Disjunction B; U By B UBZ
Existential restriction JR.B {d|3Je e AT (d,e) € RT Ae € BT}
Universal restriction VR.B {d|Ve € AT (d,e) € RT — e € B}

Table 2.2: Semantics of concept and role constructors.

Definition 3. An interpretation takes the form T = (AZ,-T), where AT is a non-
empty set (called the domain) and - is the interpretation function that maps each
A € N¢ to AT C A%, each P € Ng to PT C AT x A?, and each a € N, to a%. In
this thesis, we will make the Standard Names Assumption by setting aZ = a. Note
however that our results only rely upon the weaker Unique Names Assumption

(UNA), which stipulates that a # b whenever a # b. The function T extends to
roles and complex concepts as summarized in Table 2.2.

Remark 2. Notice the set AT is required not to be empty and to contain at least
N, (due to the SNA), but is otherwise unrestricted. This is sometimes referred
to as the open domain assumption, as opposed to the closed domain assumption
underlying usual databases in which no elements outside of those mentioned in the
data (the individuals of the ABox, from the OMQA perspective) are considered.

As DL KBs only use unary and binary predicates, an interpretation Z is easily
represented as a labeled directed graph according to the two following rules: (i)
each e € AT is represented by a vertex e, labeled with all the concept names A € N¢
such that e € AT; (ii) there is a directed edge (e, e9) in the graph representation
of Z iff there exists a role name P € Ng, such that (e;, e;) € PZ, in which case the
edge (ey, ez) is labeled with all such role names P. For readability, we often replace
each vertex representing an element e from A%\ Ind(A) by a placeholder o to avoid
specifying the exact definition of AZ.

We now move to the notion of models of a knowledge base.

Definition 4. An inclusion G C H is satisfied in T if GT C HZ; an assertion A(b)
(resp. P(a,b)) is satisfied in T if b € AT (resp. (a,b) € PT). An interpretation is
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a model of a TBox T (resp. KB K) if it satisfies all axioms in T (resp. axioms
and assertions in KC). A KB is satisfiable if it has at least one model. An inclusion
(resp. assertion) @ is entailed from T (resp. KC), written T = ® (resp. K = @), if
O is satisfied in every model of T (resp. K).

Example 2. Continuing Example 1, three interpretations of K., are depicted in
Figure 2.2, in which indiwidual and concept names have been abbreviated to their
first letter for readability. The interpretation I, is not a model as the anonymous
element (depicted by o) satisfies both Horse and Donkey, hence violating aziom
Horse M Donkey C L. It also violates the first axiom of T.. since molly is a Mule
that does not have a MaleParent being a Horse.

The two other interpretations are indeed models of K.,. Notice in particular our
ontology is somehow ill-formed as it permits molly to be its own male parent being
a horse. One could exclude this kind of model, e.g. by adding a negative concept
inclusion Mule M Horse £ L to the ontology.

H.D. A H, A D, A D, A
o m - MParent.{H,A}  m-FParent.{D, A} °
& 4&?& > &
o o
o‘fd m m o‘fd m
= MA M, A = MHA
(a) Interp. Zy of Ke, (b) Model Z; of K¢, (¢) Model Z3 of K¢,

Figure 2.2: Interpretations of K., for Example 2.

Remark 3. Notice that a model can interpret some individual names as satisfying
more concept names than required by the KB: in our example, molly is a horse in
model I3 but not in model Iy, hence the fact Horse(molly) is not entailed by Ke,
but it doesn’t contradict Z., being a model. This is referred to as the open world
assumption, as opposed to the closed world assumption underlying usual databases
in which unsure facts are assumed to be false.

It will often be useful to manipulate interpretations similarly to ABoxes, which
motivates the following definition.

Definition 5. We can view an interpretation Z as a (possibly infinite) set of
assertions A7 = {A(e) | e € AT, A € Nc} U{P(e,€) | (e,¢/) € PE,P € Ng}. We
say that T is T-satisfiable if T U Az has a model.
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2.1.3 Normal forms

It is standard to assume that the TBoxes are in a given normal form, which is often
tailored to the setting of interest. Such a normal form simplifies the description
of algorithms and proofs of modelhood by restricting the shapes of axioms that
need to be considered. So long as the transformation to normal form preserves the
central properties of the considered problem (e.g. satisfiability of the TBox), it can
be assumed without loss of generality that all TBoxes are in normal form. In our
own study, we shall work with ALCHZ TBoxes that in the following normal form,
which extends the normal form presented in Baader et al. [2017].

The normalization proceeds in three steps. The first step aims at removing
nested occurrences of concepts. We say a concept B has a nested occurrence in
a concept D if B is not a concept name and D has one of the following shapes:
-B|BnC|BUC|CnB|CUB|3R.B|VR.B, where C is any concept (nested
or not). As is standard (see e.g. Baader et al. [2017]), we can assume w.l.o.g. that
there are no such nested occurrences by introducing linearly many fresh concept
names and axioms in the TBox.

The second step replaces each axiom B; C By by the two axioms B; C Ag, ,
and Ap, B, C By, where Agp, p, is a dedicated fresh concept name. This only
doubles the size of the TBox and ensures each concept inclusion has now a single
concept name on its left-hand side or on its right-hand side. We are therefore left
with the following 15 shapes of concept inclusions:

ACB
TCA ACT
1LCA AC L
AMACA AC A MA, ' .
ATUA; CA AT A UA, with A, Ay, A2, B € Nc and R € Ny
JRBCA A C 3R.B
VRBLCA A CVR.B
-BC A AC -B

The third step applies the 9 kinds of substitutions from Table 2.3 to reduce to
the following 6 shapes of concept axioms:

TCA ATMA C A JRBCA ACJR.B -BC A AC -B,

with A, A;,A5,B € Nc and R € N?{[. Each substitution from Table 2.3 directly
gives axioms with the desired shapes, so a single iteration of these rules is required.
This latter step gives us the desired normal form.
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ACT ~ ACB ~ AMNCTtCB
AC-Cy
AC L ~ { TCos 1CA  ~
ANCy C A
AC A MAy ~ ANGCtC Ay
TCCt
é L ﬂﬂCéAl”ﬂ? . ANCrCA
AC A UAy ~ AL MRAr = oA AY A A A~ { AICTC A
~A1 £ Copy TCC
—Ay C Coa, =T
AC -Car-B -Car-BC A
ACVR.B ~ { 3JR.C_5C Car_p VRBC A ~<{ JR.C_gpC Csr-p
-BLC C_p -BLC C-p

where concepts Cx are fresh concept names representing (complex) concepts X.
Table 2.3: Normalization of ALCHZ ontologies.

Definition 6. An ALCHI TBox T is said to be in normal form if every concept
inclusion in T has one of the following shapes:

TCA AIMA C A JRBCA AC JR.B -BC A A C -B,

with A, Ay, Ay, B € Nc and R € N&.

To ensure the normalization procedure does not affect the outcome of the
reasoning tasks we consider in this thesis, it is sufficient to ensure that the normalized
TBox is a conservative extension of the initial TBox.

Definition 7. A TBox T’ is a conservative extension of a TBox T if the three
following conditions are satisfied:

- sig(T) C sig(T");
- Bvery model of T" is a model of T ;

- For every model T of T, there exists a model T' of T such that the restriction
of T tosig(T) is -L.

The desired properties of the normalization procedure can now be summarized
as follows.
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Theorem 1. Every ALCHZ TBox T can be transformed in linear time into a
conservative extension T' of T such that T' is in normal form and has linear size
w.r.t. the size of T.

In particular, this transformation does not affect the outcome of upcoming
reasoning tasks, nor the associated complexity results.

2.1.4 Canonical models for ELHZ, KBs

As previously noted, many DLs of the DL-Lite and ££ families [Calvanese et al.,
2005; Baader et al., 1999] allow for efficient reasoning due to their carefully restricted
syntax. Such logics belong to the broader class of Horn DLs, which are those that
cannot express (implicitly or explicitly) any form of disjunction, and thus do not
require reasoning by cases. More expressive Horn DLs can be defined by selecting
a (highly) expressive DL, like SHZ Q, and suitably restricting its syntax to exclude
the need for disjunctive reasoning, yielding e.g. Horn-SHZ Q [Hustadt et al., 2005;
Krotzsch et al., 2013]. The key property of Horn DLs is that every satisfiable KB
admits a canonical (or universal) model that embeds homomorphically into each
of its models. Such a canonical model plays a central role in designing reasoning
procedures as it often suffices to restrict the attention to this single model.

In our setting, it is well known that every satisfiable ELHZ, KB admits a
canonical model (ELHZ, being essentially Horn-ALCHZ, up to some syntactic
reformulations relying on inverse roles). We recall how such a model Cx can be
constructed (see [Bienvenu and Ortiz, 2015]).

Definition 8. The domain A~ consists of all sequences a-Ri. My - - - Ry.M, (n>0)
such that a € Ind(A), each R; belongs to NfRE, each M; is a conjunction of concepts
from Nc U{T} (which is treated as a set when convenient), and the following
conditions hold:

1. If n > 1, then T = My C 3R;.M; where My = {A € NceU{T} | K = A(a)}
and My is maximal, as a set of concept names, for this property.

2. If n > 1, then there is no b € Ind(A) such that K = M;(b) and K = R4(a,b).

3. For every 1 <i<n, T EM; C 3Ri11. M1 and M1 is mazimal, as a set of
concept names, for this property.

4. For every 1 <i<n—2,T £M; E Mo or T £~ Rij1 E R,

Individual names are interpreted as themselves (a® = a), and concept and role
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names are interpreted as follows:

A = {a|KEAQ)} (1
U{e-RM|AeM} (2
(

P’ = {(a,b) | K =P(a,b)} 1

U {(e,e-Po.M) | T =Py C P} (21)
U{(e-PoMe) [TEP, TP} (27)

~— ~—

~—

+

The canonical model Cy plays a central role in conjunctive query (CQ) answering,
as, by virtue of embedding in every model of the KB I of interest, it provides
either the assurance that the query further embeds in every model Z of K (if a
embedding of the CQ in Cx exists), or a countermodel for the query (that is, an
example of a model in which there are no embedding of the CQ). This issue will be
recalled in more detail later in this chapter. To formalize this central property, it
is necessary to properly recall the definition of a homomorphism of interpretations.

Definition 9. Given two interpretations I, and Iy, a function f : AT — A2 is q
homomorphism of I, into I, denoted [ : I, — I, if the three following conditions
hold: (i) f(a%¥*) = a®2 for alla € Ny; (i) f(AT*) C A2 for all concept name A € Nc¢;
(iii) f(AT) C A2 for all role name P € Ng.

We can now formally recall the central property of the canonical model, which
motivates its name.

Theorem 2. Let K be a satisfiable ELHZI, KB. The canonical model Cx is a model
of K and for every model I of IC, there exists a homomorphism f :Cx — I.

Example 3. The canonical model of IKC., from Example 1 is depicted as model Iy in
Figure 2.2. It embeds in model Iy by mapping molly - MaleParent.{Horse, Animal}
to molly and molly - FemaleParent.{Donkey, Animal} to itself.

2.1.5 Closed predicates

The open-world and open-domain assumptions are natural in settings where the
data is incomplete, and there may be missing facts and a need to reason about
unnamed objects. Many scenarios, however, may involve some parts of the data
which are incomplete, and other parts which are known to be complete (e.g. when
considering the list of countries). The combination of DL reasoning with (partially)
complete data was first explored in Franconi et al. [2011] and led to a line of work
on DL KBs with closed predicates [Lutz et al., 2013; Ngo et al., 2016], which allow
for a trade-off between the closed- and open-world assumptions. Formally, one
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adapts the notions of KBs and models as follows, where the interpretations of some
predicates are stated to be fully known, and hence should not extend beyond the
instances explicitly given in the ABox.

Definition 10. A KB with closed predicates consists of a KB (T,.A) and a set
Y. € Nc UNR of closed predicates. An interpretation Z is a model of (T, A, X) if
it is a model of (T,.A) which interprets the closed predicates according to A, i.e.
AT ={a | A(a) € A} for every A € ¥ N Nc and P = {(a,b) | P(a,b) € A} for
every P € XN Nc.

Example 4. In our running example, K., admits models as presented before,
but the corresponding KB with a single closed predicate Animal, that is K., =
(Tex, {Animal}, A, } becomes unsatisfiable.

Closed predicates have been explored for a range of DLs and have been shown to
increase significantly the complexity of the most common reasoning tasks compared
to the classical setting without closed predicates [Franconi et al., 2011; Lutz et al.,
2013; Ngo et al., 2016].

2.2 Reasoning tasks

We now recall the usual reasoning tasks associated with knowledge bases and
summarize the known complexity of answering these problems. For each task, we
distinguish between combined complexity in which everything is part of the input,
and data complexity in which only the data, that is, the ABox, is considered as
input and the other parameters are treated as fixed.

Both combined and data complexity measures consider the worst-case complexity
of the problem. It can also be interesting to pinpoint the complexity of a particular
ontology or ontology-mediated query (OMQ), i.e. an ontology-query pair. This more
refined approach has yielded several dichotomy results and complexity classifications,
which identify what are the possible complexities and pinpoint the tractable and
intractable cases |Lutz and Wolter, 2012; Lutz et al., 2012; Bienvenu et al., 2014b;
Lutz and Sabellek, 2017].

2.2.1 Satisfiability, subsumption and instance checking

The most basic reasoning task associated with a TBox or a KB is arguably to ask
whether it is consistent or not. This is known as the satisfiability problem.

Definition 11. Given a TBox T, resp. a KB K, the satisfiability problem is to
decide whether T, resp. KC, admits a model.
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Satisfiability Instance checking CQ answering
Data  Combined  Data  Combined  Data  Combined

DL-Lite*) in AC° NL in AC® NL in ACY NP

core

EL, ELH, P P P P P NP
ELT,ELHI, P EXP P EXP P EXP
ALC NP EXP coNP EXP coNP EXP
ALCT NP EXP coNP EXP coNP  2EXP

Table 2.4: Complexity of common reasoning tasks in standard DLs. Lower bounds
for satisfiability do not apply for ££ and ££Z KBs which always admit a model.

The second task concerns TBoxes, and asks whether a new inclusion can be
inferred from the given ones, which is known as the subsumption problem.

Definition 12. Given a TBox T and two concepts Cy, Cq, the subsumption problem
18 to decide whether T entails C; C Cs.

The third problem is the assertional counterpart of the subsumption problem,
asking whether a given assertion can be inferred from a given KB, which is known
as instance checking.

Definition 13. Given a KB K and a concept C and an individual name a € Ny,
the instance checking problem is to decide whether K entails the assertion C(a).

These three reasoning tasks are known to be reducible to each other as soon
as disjointness is expressible in the TBox (e.g. with DL-Litecye or £, ), and both
their data and combined complexities are well understood for sublogics of ALCT
and of ELHT, . These results are recalled in Table 2.4, borrowed from |Bienvenu
and Ortiz, 2015], and have been obtained from a variety of techniques.

One prominent approach for Horn DLs is query rewriting, in which reasoning
tasks are reduced to the more well-known problems of evaluating first-order (FO) or
Datalog queries over databases. More precisely, query rewriting takes a TBox and
query as input and produces an FO-query (resp. Datalog-query) that incorporates
the relevant knowledge from the TBox and is such that evaluating this query over
the ABox yields the required result for the initial reasoning task. It is known that
FO query evaluation is PSPACE-complete w.r.t. combined complexity [Vardi, 1982]
and in AC® w.r.t. data complexity [Vardi, 1995|, while Datalog query evaluation is
EXP-complete w.r.t. combined complexity [Vardi, 1982| and P-complete w.r.t. data
complexity [Immerman, 1986]. First-order query rewriting can be used to obtain an
AC? procedure (w.r.t. data complexity) for instance checking for a range of DL-Lite

dialects, including DL-Lite* _, and can also be used to show an NL upper bound in
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combined complexity [Artale et al., 2009]. By rephrasing satisfiability as a query
answering task, we can obtain the same upper bounds for satisfiability of DL-Lite
KBs. For ££ and its extensions, it is not always possible to reduce to FO query
evaluation, but Datalog rewriting can be used to establish tight upper bounds for
instance checking and satisfiability in ELHZ, [Hustadt et al., 2005]. Note that for
EL and ELZ, only the instance checking problem is of interest, as the satisfability
task is trivial, due to the absence of disjointness, negation, or other constraints.

Another prominent reasoning technique for Horn DLs is saturation (or mate-
rialization), which consists in iteratively adding (some of) the facts that can be
entailed from the KB, then checking whether the target query has been produced.
The P upper bounds in combined complexity for £L£ and its extension ELH | were
originally established using such saturation techniques [Baader et al., 2005] (see
Calvanese et al. [2006] for the matching lower bounds).

For expressive DLs, reasoning tasks are often rephrased as satisfiability checks
and addressed with tableaux techniques. In a nutshell, tableaux algorithms test the
satisfiability of the input KB by trying to construct a (representation of a) model.
They can be seen as extending saturation procedures by exploring the different
ways of adding facts to account for the disjunctive features allowed in the KBs. A
tableaux procedure for the DL ALCZ can be found in Donini and Massacci [2000],
and the even more expressive DL SHZQ was addressed in Tobies [2001].

Throughout the later chapters, we will often need to perform some satisfiability
(resp. subsumption and instance checking) checks, relying upon these complexity
results. For satisfiability tests for our slightly non-standard versions of ALCH and
ALCHZI allowing negative role inclusions, we prove that it remains EXP-complete
with respect to combined complexity (satisfiability of ALCHZ KBs without negative
role inclusions being EXP-complete as proven in [Tobies, 2001 and [Schild, 1991]).
Although we will not need the corresponding statement for data complexity, it also
remains NP-complete, as follows from a later result (Theorem 8).

Theorem 3. The satisfiability of a ALCHZ KB with role disjointness is EXP-
complete w.r.t. combined complexity.

Proof. EXP-hardness is immediate as ALCHZ extends ALC, for which the satis-
fiability task is already EXP-complete [Schild, 1991]. For the upper bound, we
reduce our problem to the satisfiability problem of ALCZb KBs, also known to be
EXP-complete (see Theorem 4.42 in Tobies [2001]). An ALCZb KB extends the
ALCT KBs presented in this chapter by allowing more expressive combinations of
roles in the construction of concepts (see Definition 4.17 in Tobies [2001]): “An
ALCTb-role expression w is built from ALCZb-roles [i.e. roles from NZ| using the
operators 1 (role intersection), LI (role union), and — (role complement), with the
restriction that, when transformed into disjunctive normal form, every disjunct
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contains at least one non-negated conjunct. A role expression that satisfies this
constraint is called safe.”

Consider a ALCHZ KB K := (T,.A) in normal form. We first construct an
extension A’ of the ABox A. For each assertion R(a,b) € A and each (eventually
inverse) role S such that 7 = R C S, we add the assertion S(a,b) (or S(b,a) in the
inverse case) to A’. We now turn to a modified version 7" of the TBox 7T, in which
each role inclusion is dropped, each axiom dR.B C A € T is replaced by the axiom
Jw.B C A, where w is the following safe role expression:

W= U S,

TESCR

and each axiom A C JR.B € 7T is replaced by the axiom A C Jw.B where w is the
following safe role expression:

W= ﬂ SN ﬂ -T

TERCS TERNTC L

Note that all the role inclusion checks in this construction can be polynomially
decided due to the very limited role constructors and inclusions in ALCHZ. It
remains to establish the following claim:

K= (T, A") is satisfiable iff K is satisfiable.
(«<). It is easily checked that every model Z of K is also a model of K.

(=). Consider a model Z’ of K'. Axioms 3R.B C A € T are clearly satisfied in Z'.
However, 7' may violate some role inclusions and role disjointness axioms from
T. For each A C JR.B € T, and each element e € AT, our construction ensures
that there exists at least one successor to e for the corresponding 7' axiom that
respects both the positive and negative role inclusions from 7. Dropping all role
facts in Z' that are neither involved in such a successor relationship nor entailed on
individuals by K, we obtain a model Z of K. [

2.2.2 Query answering

As the counting conjunctive queries we study in this thesis correspond to an
extension of classical conjunctive queries, we briefly recall the definition of such
queries, which constitute a simple, yet practically relevant and much studied, query
language. A conjunctive query (CQ) takes the form ¢(x) = Jy ¢ (x,y), where x,y
are tuples of answer and existential variables, respectively, and 1) is a conjunction
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of concept and role atoms with terms from N, Ux Uy. We use terms(q) for the set
of all terms occurring in q. A CQ g is said to be Boolean if x = ().

A match for a CQ ¢ in an interpretation Z is a homomorphism from ¢ into Z, i.e.
a function 7 that maps each term in ¢ to an element of AZ such that 7(t) = ¢ when
t € Ny, w(t) € AT for every A(t) € ¢, and (7 (t), 7(t')) € P* for every P(t,t') € q.
The set of answers to ¢ in Z, denoted ¢%, contains all tuples a of individuals from
N, such that there exists a match of ¢(a) in Z. A certain answer to a CQ q w.r.t.
K is an answer in every model of K, that is, a tuple from ¢* := mIFIC q~.

Definition 14. Given a KB IC, a CQ q and a tuple a, the problem of C(Q) answering
is to decide whether a € ¢~.

A summary of the complexity results for CQ answering over the considered
DLs is provided in Table 2.4 and, as for the previous reasoning tasks, the upper
bounds often rely on rewriting techniques. Query rewriting notably underlies the
data complexity results for the DL-Lite family, and there have been many rewriting
algorithms developed since the original PerfectRef algorithm [Calvanese et al., 2005,
2007b]. Rewriting techniques have been employed to answers CQs in the presence of
KBs formulated in the ££ family [Rosati, 2007; Krisnadhi and Lutz, 2007; Krotzsch
and Rudolph, 2007| and have been extended to handle Horn versions of expressive
DLs |Eiter et al., 2012a].

For expressive DLs, rewriting procedures to Disjunctive-Datalog are possible
[Motik, 2006; Hustadt et al., 2007; Rudolph et al., 2012| (see notably Lutz [2008]
for some lower bounds). Saturation techniques or variations of tableaux-based
procedure can also prove useful for CQ answering in such DLs [Ortiz et al., 2008].
Other algorithms used to handle expressive DLs mostly rely on two main steps
|Glimm et al., 2008; Eiter et al., 2008, 2012b; Kikot et al., 2012]. The first step is to
split the query into a part mapping on individuals from the ABox while other parts
are to be mapped on tree-shaped interpretations completing the ABox. Whether
such mappings in tree-shaped structures exists in all models of the KB of interest
form the second step of the algorithm. This step can notably reuse existing results
on instance checking since the selected tree-like parts of the query can be expressed
as a single concept. However, the first step often creates an exponential number of
instances for the second step, based on the possible decompositions of the query,
that may result in an exponential increase in combined complexity between instance
checking and CQ) answering (see e.g. the situation for ALCZ KBs in Table 2.4).

Interestingly, several works have explored the possibility to mixing rewriting
and saturation procedures in order to keep the best of both techniques, resulting
in the so-called combined approach. This provides alternative ways to tackle ££
and several of its extensions [Lutz et al., 2009], some dialects of the DL-Lite family
|[Kontchakov et al., 2011] and even the Horn version of ALCHOZQ [Carral et al.,
2018|.
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Counting Conjunctive Queries

In this chapter, we introduce the semantics of counting conjunctive queries (CCQs)
and the corresponding ontology-mediated query answering problem (OMQA). We
further study the computational complexity of this problem for knowledge bases

(KBs) expressed in ALCHZ and its sublogics. Our results are summarized in
Table 3.1.

Combined complexity Data complexity
DL-Litel,, L, ALCHT 2EXP-complete coNP-complete?
DL-Litepos, DL-Litecore coNEXP-complete coNP-completet

Table 3.1: Complexity of CCQ answering. *: previously known lower bound.

Section 3.1 presents the semantics of CCQs, its connection with existing work,
and the associated decision problem in term of combined and data complexities.
Section 3.2 investigates a family of models, namely interlacings, built from an
initial model of interest, from which they retain desirable properties with respect
to CCQs while enjoying a more tree-shaped structure. Based on those interlacings,
Section 3.3 establishes a 2EXP procedure, with respect to combined complexity,
to answer CCQs over ALCHZ KBs. Afterwards, in Section 3.4, it is shown how
to construct optimal models of bounded size, yielding a coNP procedure for CCQ
answering over ALCHZ KBs with respect to data complexity, and allowing us to
refine the 2EXP algorithm in combined complexity into a coNEXP procedure for
DL-Litecore KBs. Section 3.5 concludes the chapter by providing matching lower
bounds and draws a first connection to closed predicates.
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3.1 Preliminaries

Aggregate queries, which use numeric operators (e.g. count, sum, max) to summa-
rize selected parts of a dataset, constitute a prominent class of database queries.
Although such queries are widely used for data analysis, they have been little
explored in context of OMQA. This may be partly due to the fact that it is not at
all obvious how to define the semantics of such queries in the OMQA setting.

3.1.1 Related work

Aggregate queries have been first studied for relational databases before being
integrated in other knowledge representation frameworks. In Klug [1982], these
queries are formulated with the standard relational query language SQL! (see
e.g. Ullman [1988] for a presentation of SQL) and allow to aggregate the values
from selected entries of a relational table. The expressive power of SQL has
notably drawn attention due to the support of these aggregate operators |Libkin,

"https://www.iso.org/standard/63555.html
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2003|. Similar aggregate features have also been investigated in the RDF query
language SPARQL? [Kaminski et al., 2016], and are now supported by modern
implementations such as RDFox® [Nenov et al., 2015]. The upcoming standard for
querying graph databases GQL?, inspired, among others, by both standards SQL
and SPARQL, plans to integrate aggregate features too [Deutsch et al., 2021].

Answering aggregate queries over inconsistent databases has also received
attention: in Arenas et al. [2003], a range semantics is proposed to bound the
answers of an aggregate query across the repairs of a database violating some
functional dependencies (with the notion of answer in a repair defined as in the
relational setting).

Aggregate query answering over incomplete data is also addressed. In presence
of conditional tables, that allow to manipulate unknown or missing information in
relational databases by specifying various conditions on entries whose exact values
are unknown, data can still be aggregated, resulting in an answer being itself a
conditional table [Lechtenborger et al., 2002|. In presence of source-to-target tuple-
generating dependencies (s-t tgds), various semantics have been proposed in Afrati
and Kolaitis [2008] to account for the possible nulls that may arise. It is worth
mentioning that their count operator, denoted count(x) in the reference, is allowed
to count null elements in the considered models (while other aggregate operators
simply drop these nulls), and that the complexity of deciding model-independent
bounds on these count numbers is in P due to the restricted retained notion of
models (endomorphisms of the canonical model, for the interested reader).

The rule-based language Datalog [Ceri et al., 1990; Ullman, 1988| has also been
extended with aggregate operators. They have indeed been studied to enrich the
expressive power of rules expressed in Datalog [Consens and Mendelzon, 1993|, or
in disjunctive Datalog with a notable implementation in the DLV system [Dell’Armi
et al., 2003]. More recently, restrictions of Datalogz, an extension of Datalog which
captures many data aggregation tasks by allowing arithmetic functions over integers
at the cost of undecidability, have been studied to regain decidability, resulting in
the fragment Limit Datalogy [Cuenca Grau et al., 2020] whose expressive power
has been further studied [Kaminski et al., 2021].

Integration of aggregate functions in another prominent rule-based declarative
language, namely Answer Set Programming (ASP), has also drawn particular
attention as it notably extends ASP with the possibility to express functional
dependencies (see |Gelfond and Lifschitz, 1991]| for the original semantics underlying
ASP and [Brewka et al., 2011] for a more recent presentation). Several semantics
have been proposed to handle more and more forms of aggregates: monotone and

’https://www.w3.org/TR/sparqlil-query/
3https://docs.oxfordsemantic.tech/
‘https://www.iso.org/standard/76120.html
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convex aggregates |Liu and Truszczynski, 2006], non-negated aggregates |[Faber
et al., 2011; Ferraris, 2011], or aggregate over conditional expressions [Cabalar
et al., 2020].

Apart from the mentioned exception of Afrati and Kolaitis [2008], all the above
works do not involve elements that are unknown in the original data, while such
anonymous elements are one of the main features the OMQA framework aims to
take into account. We recall that, in this thesis, our attention focuses on this latter
setting and notably differs from the presented works so far as we adopt the open
domain and open world assumptions, in particular with expressive DLs that often
rely on elements outside of the original data to be satisfiable.

Closer to the realm of description logics, some attempts have been made to
enrich the ontology language with aggregate operators (e.g. by allowing concepts
that already perform aggregate operation). Equipping the well-known DL ALC
with such features quickly leads to undecidable basic reasoning tasks such as
satisfiability and subsumption [Baader and Sattler, 2003], while the situation is
more favorable when extending the less expressive DL-Lite family [Artale et al.,
2012; Savkovic and Calvanese, 2012; Hernich et al., 2017]. By contrast, in this
thesis, we investigate the impact of counting features on the query language rather
than on the ontology language.

In the OMQA framework, a first exploration of aggregate queries was conducted
by Calvanese et al. [2008]. They argued that the most straightforward adaptation
of classical certain answer semantics to aggregate queries was unsatisfactory, as
often values would differ from model to model, leading to no certain answers. For
this reason, an epistemic semantics was proposed, in which variables involved in
the aggregates are required to match to data constants. However, as discussed in
Kostylev and Reutter [2015], this semantics can also give unintuitive results by
ignoring ways of mapping aggregate variables to anonymous elements inferred due
the ontology axioms. For instance, if no children of alex are listed in the data, then
a query that asks to return the number of children will yield 0 under epistemic
semantics, even if it can be inferred (e.g. due to a family tax benefit) that there
must be at least 3 children. This led Kostylev and Reutter to define an alternative
semantics for two kinds of counting queries (inspired by the COUNT and COUNT
DISTINCT in SQL) which adopts a form of certain answer semantics but considers
lower and upper bounds on the count value across different models. This latter
semantics relates to those explored for aggregate queries over inconsistent databases,
in Arenas et al. [2003], and for data exchange, in Afrati and Kolaitis [2008|.

The semantics by Kostylev and Reutter was adopted in later work by Calvanese
et al. [2020a], in which DL-Lite ontologies coupled with various restrictions on the
counting query shape have been explored. In this latter reference and in Calvanese
et al. [2020c|, a rewriting procedure is also provided for connected and rooted
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counting queries, based upon the canonical model being sufficient to decide the
problem in this particular setting.

Interestingly, techniques to decide the multiplicity of an answer for a rooted CQ
with respect to bag semantics, notably investigated in Nikolaou et al. [2019], are
similar to those investigated for rooted counting CQs with respect to set semantics.
However, no immediate reduction from one setting to the other seems possible, as
discussed in Calvanese et al. [2020a] (see Example 1 in the reference).

Another recent study by Feier et al. [2021] classifies the complexity of counting
the number of certain answers (rather than the number of ways a certain answer
is obtained) for guarded existential rules. This notably gives lower bounds on
the number of answers that might be relevant when allowed to also count outside
individual elements, but the converse is false in general (see the discussion following
Example 6, later in this chapter).

Instead of counting the (certain) answers, a closely related approach consists of
enumerating them, a topic that has been extensively studied in the database setting
(see for example the survey [Berkholz et al., 2020]). In enumeration, a preprocessing
phase is allowed after which answers must be returned with a permitted delay
between two successive answers, the efficiency of the enumeration being measured
according to the lengths of both the preprocessing phase and the delay. A recent
study by Lutz and Przybylko [2022] studied the enumeration of certain answers to
CQs over ontologies expressed in ELZ or as a set of guarded-TGDs.

3.1.2 Semantics of counting conjunctive queries

We propose a new notion of counting CQ that generalizes the two forms of queries
from Kostylev and Reutter [2015], hence also those considered in Calvanese et al.
[2020a].

Definition 15. A counting conjunctive query (CCQ) takes the form

q(x) =3y Iz P(x,y,2),

where X,y,z are tuples of answer, existential, and counting variables, respectively,
and 1 is a conjunction of concept and role atoms with terms from NyUx Uy U z.
We use terms(q) for the set of all terms occurring in q, and we treat queries as sets
of atoms when convenient. A CCQ q is Boolean if x = ().

The usual notion of conjunctive queries (CQ) is captured by CCQs without
counting variables, i.e. z = (). The counting queries studied in Kostylev and Reutter
[2015] were CCQs restricted by |z| = 1, denoted ¢(x, Cntd(z)) in the reference, and
CCQs restricted by y = (), denoted ¢(x, Count()) in the reference. Calvanese et al.
[2020a] continued the study of the latter subclass of CCQs.
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The CQ obtained by replacing each counting variable of a CCQ by a fresh
existential variable is referred to as the underlying CQ of the CCQ. For readability,
it is convenient to represent a CCQ ¢ as a graph: each term ¢ is represented by
a vertex v, labeled by ¢ and by concept names A such that A(t) € ¢, and an
oriented edge (v, v,) labeled with P is added for each atom P(t1,t) € ¢. To
easily distinguish the status of each term (and often to omit the name of the term),
the node v; is depicted as @ if t € IndUx, asoif t €y, and as @ if t € z.

Example 5. Let us illustrate the notion of CCQ with a toy example, inspired by
Bienvenu and Ortiz [2015]. A logician enters a vegetarian-friendly and kid-friendly
restaurant r in which the menu s partially ripped off, so that only the following
facts are readable, here encoded as an ABox A.:

VegFriendly(r) GivesChoice(my, carb)

KidFriendly(r) GivesChoice(msy, carb) WithMeat (carb)
Offers(r,my) GivesChoice(my, regi) WithMeat(regi)
Offers(r, my) GivesChoice(ms, tira) Dessert(tira)
Menu(my) : : Dessert(baba)
Menu(m,) GivesChoice(ms, baba) iy A1cohol(baba)

The ABox A, is depicted in Figure 3.1.

Menu GivesChoi
my vestholee carb WithMeat
ofie .
tira Dessert
KidFriendly off Menu
ers

r moy regi WithMeat

VegFriendly Gi YesChojce
bab Dessert

9 WithAlcohol

Figure 3.1: The ABox A, from Example 5.

Furthermore, clients can expect some general principles to hold, encoded in the
following ALC TBox T.:

Menu C 3GivesChoice.MainDish M 3GivesChoice.Dessert
VegFriendly C JOffers.(Menu N VGivesChoice.m~WithMeat)
KidFriendly C 3O0ffers.(Menu M VGivesChoice.~WithAlcohol)
WithMeat C MainDish
MainDish M Dessert T L

Our logician wonders how many combinations of dish z and dessert z can be
ordered in this restaurant r as long as each such combination 1s permaitted within
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some menu y. This can be seen as evaluating the following CCQ q., also depicted
in Figure 3.2, over the KB K. := (T., A.):

¢e := Jy J2z1 Tz Offers(r,y) A Menu(y) A GivesChoice(y, z1) A MainDish(z)
A GivesChoice(y, z2) A Dessert(zs)

MainDish
. 21
%G‘QO\Ce .
es

Menu GW
F e Offers o

Giy,
", %})essert
@ =

Figure 3.2: The query ¢. from Example 5.

The query q. is Boolean and y being an existential variable means that a value
for the pair (z1, z3) obtained from two different menus should only be counted once.

The answers to a CCQ in a fixed model Z are defined using counting matches,
which are defined similarly to the classical notion of matches for a (plain) CQ, but
are then restricted to the counting variables from z.

Definition 16. A match for a CCQ q in an interpretation Z is a homomorphism
from q into I, i.e. a function m that maps each term in q to an element of AT such
that w(t) =t when t € Ny, 7(t) € AT for every A(t) € q, and (7(t),w(t')) € P% for
every P(t,t') € q. If a match m maps x to a, then the restriction of ™ to z is called
a counting match (c-match) of g(a) in Z.

The usual problem of CQ answering is to decide whether there exists a match
in every model of the KB of interest. With counting conjunctive queries, we are
interested in how many counting matches exist in such models. However, the exact
number from a model to another might vary, especially since ontologies expressed
with ALCHZ cannot constrain the size of the models:

Proposition 1. If a CCQ q is satisfied in a model of an ALCHZ KB K and z # (),
then there exists a model of IC with an infinite number of counting matches for q.

Proof. Let T be a model of K := (T,.A) in which ¢ is satisfied. Let p; be the
mapping renaming an element e into e;. Let Z,, be the interpretation with domain
AT = J25 pr(AT), which interprets each individual a as ag (slightly abusing the
SNA), and each concept name A and role name P as follows:

+00 +oo +oo
A= = | (A7) P = |J U (i x o) (P
k=0 =0 j5=0
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Since Z,, embeds in Z by dropping all indexes and that Z embeds in each layer
Ty = pr(Z) of I, it is easily verified that Z, is a model of the ALCHZ KB K and
that the counting match 7 : z — A7 yields an infinite number of distinct counting
matches 7 1= p o m in Z, (recall z # (). O

Therefore, a notion of certain answer requiring that there exist exactly n
counting matches for ¢ in every model I will likely return false for every integer n.
To address this issue, we follow Kostylev and Reutter [2015] and consider bounds
on the exact number of counting matches. More precisely, answers to a CCQ in a
model are all intervals bounding the exact number of counting matches.

Definition 17. The set of answers to q in I, denoted ¢, contains all pairs
(a, [m, M]), with m, M € NU {+o0}, such that the number of distinct counting
matches of g(a) in L belongs to the interval [m, M].

Importantly, these bounds are taking into consideration counting matches that
are mapping counting variables z outside of individual elements of Z. Hence these
elements may not be shared across models, as opposed to values of the answer
variables x. It does not cause any issue to define certain answers as we are only
interested in (bounds on) the number of such counting matches from a model
to another. Furthermore, let us emphasize those bounds hold on the number of
counting matches, not on the number of matches, treating equally a counting match
obtained from a single match and a counting match obtained from an eventually
infinite number of matches. Notice the pair (a, [0, +0o0]) is always an answer, for
any suitable a, over any interpretation as [0, +0o¢] is a trivial bound on the number
of counting matches. The notion of certain answer is then defined as usual certain
answers for CQ)s, that is as the intersection of answers across all models:

Definition 18. A certain answer to ¢ w.r.t. K is an answer in every model of I,
that is a pair from mI):IC qt. In particular, if K is unsatisfiable, then all couples
(a, [m, M]), with a € Ind(A) and m, M € NU {+oo}, are certain answers.

Let us illustrate the notions of matches, counting matches, answers and certain
answers with the following example, which is a continuation of Example 5.

Example 6 (Example 5 continued). Two models I and I? of the KB K. are
depicted in Figures 3.3 and 3.4. Matches and counting matches of q. in each model
are presented in Table 3.2. The number of counting matches in I} is 5, while it is
6 in Z2.

In the model I?, there equal numbers of matches and counting matches, but this
doesn’t hold in general as illustrated by model I}. In the latter, we indeed retain
a single occurrence of the pair (carb,tira) even though it can be obtained in two
different ways by mapping the existential variable y to either my or to m,.
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Menu
GivesChoice MainDish
mi car ,
WithMeat
ofier®
tira Dessert
e Menu
KidFriendly Offers GivesChoice . MainDish

T : regi
VegFriendly W WithMeat
Og. Dessert
: /GSCW) baba WithAlcohol
M
et GivesChoice d MainDist
Jlaimlisn

m

Figure 3.3: Model Z! from Example 6.

o W1 Dessert
. 1CE
Menu W
(GivesChoice MainDish
carb

my
WithMeat

tira Dessert

KidFriendl M

yr TS nirzm GivesChoice re gi MainDish

Gives thMes

VegFriendly IVebChOI-Ce WithMeat

Oﬁ%’s bab Dessert
aba withAlcohol

Menu . .
m GivesChoice Wy MainDish

W
W3 Dessert

Figure 3.4: Model Z? from Example 6

The answers to q. in I} are precisely those intervals containing 5, hence the
pair (0, [6,+00]) is not an answer in I}, while it is an answer in Z2. It follows
that (0, [6,+00]) is not a certain answer. The pair (0,[5,7]) is an answer in both
models I} and I?, but one can easily come up with another model containing, say,
8 matches, proving that (0, [5,7]) is not a certain answer.

It is not hard to see that (0,[4,+00]) is a certain answer as the 4 common
matches of I} and I? (those involving menu my) are actually entailed by the KB
and hence yield 4 distinct counting matches in every model (recall that models are
required to comply with the unique name assumption). Interestingly, this lower
bound of 4 can be obtained by counting the certain answers of the usual CQ ¢.(xy, x2)
obtained by considering our CCQ q. in which we replace the two counting variables
z1 and z9 by answer variables x1 and xs.
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Y 21 22 21 22 Y 21 22 21 22
m; carb tira carb tira m; carb w; cartb  wy
m, carb tira carb baba m, carb tira carb tira
m, carb baba regi  tira m, carb baba carb baba
my regi tira regi baba my regi tira regi  tira
my regi baba d  baba m, regi baba regi baba
m d baba m Wy W3 Wy W3
(b) Counting (d) Counting

(a) Matches in Z} matches in Z} (c) Matches in Z? matches in 72

Table 3.2: Matches and counting matches of ¢, in Z} and Z?

Note that a tighter certain answer exists, as (1, [5, +00]) is also a certain answer,
and that [5, +00] is included in [4,400]. This is because the vegetarian menu that
each model must contain always yields an extra counting match as the 4 entailed
matches all involve non-vegetarian main dishes.

To conclude this example, notice that IC. admits universal models in all of which
model I? embeds. From the above discussion, it follows (,[6,+o0]) not being a
certain answer for q. cannot be determined by considering universal models of IC..
This is in contrast with CQ) answering, for which we know that the certain answers
are precisely the answers in any uniwwersal model, whenever such a model exists.

The connection mentioned in Example 6 between counting the certain answers
of a usual CQ), a reasoning task notably explored in Feier et al. [2021], and the
proposed notion of certain answers for CC(Q actually holds in general: if m is the
number of certain answers of the CQ ¢(x,z) = Jy ¢(X,y,z) mapping x to a, then
(a, [m,+00]) is a certain answer to the CCQ ¢(x) = Jy Iz ¢(x,y,z). The converse
is not true in general.

Example 6 may have convinced the reader that the notation of answers and
certain answers as pairs is cumbersome. It should hence be a relief that, as usual,
it is sufficient to consider the Boolean case: (a,[m, M]) is a certain answer to a
CCQ q(x) iff (0, [m, M]) is a certain answer to the Boolean CCQ ¢(a) obtained by
replacing x with a. Thus, from now on, we focus on Boolean CCQ)s, and work with
answers and certain answers [m, M] in place of (0, [m, M]).

Furthermore, and as already mentioned in Remark 1, ALCHZ cannot restrict
the size of models, hence the least upper bound M in a certain answer [m, M] is:

- 0 if the underlying CQ is unsatisfiable w.r.t. T;

- 1if ¢ has a match in every model but z = (;
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- 400 otherwise.

As the first two cases can be readily handled using existing techniques, we focus on
identifying certain answers of the form [m, +o0o].

Remark 4. The question of upper bounds M, that we have so quickly dismissed in
the ALCHT setting, arises naturally in closely related contexts, for example when
considering functionality axioms in the ontology or dealing with closed predicates.
It is for this reason that we chose to present our semantics with intervals of the
form [m, M| rather than directly focusing on intervals [m, +o0].

3.1.3 Decision problems

CCQ answering Given a ALCHZ knowledge base K = (T, .A), a Boolean CCQ
¢, and an integer m > 0 (in binary), we are interested in the complexity of deciding
whether [m, +00] is a certain answer to ¢ w.r.t. K. We refer to this decision problem
as CC(Q) answering and consider the two usual complexity measures: combined
complexity which is in terms of the size of the whole input, and data complexity
which is only in terms of the size of A and m (7 and ¢ are treated as fixed).

Recall that if O is a TBox, ABox, KB, or CCQ), then the size of O, denoted
|O|, is the number of occurrences of concept and role names in O and that m is
written in binary. This latter point will not appear crucial in the present chapter
as reductions involved in the proofs of lower complexity bounds happen to only
construct polynomially large such integers m w.r.t. the size of the instance of the
reduced decision problem, if not constant (e.g. for data complexity). In the two
following chapters, however, several reductions strongly require a binary encoding
of these integers m.

When deciding whether a given [m, +00] is a certain answer for some CCQ) over
some KB, we use the term of countermodel to refer to a model with less than m
counting matches. Similarly, an optimal model is a model minimizing the number
of counting matches.

Tightest variant The definition of certain answers implies that if [m, +oc] is a
certain answer, then so is [m/, +00], for every m’ < m. It is naturally of interest to
focus on certain answers providing the greatest m, i.e., the tightest certain answer
[Mopt, +00], being the intersection of all certain answers. Given the same input
as CCQ answering, we refer to the problem of deciding if [m, +oc] is the tightest
certain answer as tight CCQ answering.

This optimization variant has already been formulated as an open question
in Kostylev and Reutter [2015], in presence of coNP-complete situations for CCQ

answering over DL-Lite? . KBs w.r.t. data complexity. We close these questions

Counting Queries in Ontology-Based Data Access 35



3.2. Interlacings

in Subsection 3.5.3 and prove tight CCQ answering is DP-complete not only in the
settings considered in Kostylev and Reutter [2015] but also for ££ ontologies.

Remark 5. Notice [m, M] being the tightest certain answer doesn’t imply that for
all n € [m, M| there exists a model containing exactly n matches. Consider the
Boolean query qaxa = 321 3z A(21) A A(zq) for any concept name A, evaluated
over the empty KB. The number of counting matches of qaxa in an interpretation
7 s }AI}Q and therefore only perfect squares can be reached despite [0, +o0] being
the tightest certain answer. Interestingly, this could motivate a more general setting
i which answers and certain answers allow more refined subsets of integers instead
of intervals [m, M].

3.2 Interlacings

Looking to existing DL-Lite approaches [Kostylev and Reutter, 2015|, we observe
that the high-level idea to answer CCQs is to start from an arbitrary optimal
model Z and merge its elements so as to reduce its size, while at the same time not
introducing any new query matches. This ensures that if a countermodel exists for
the candidate integer m, then there exists one with size at most the size of the model
obtained when merging the initial optimal model. This technique allowed Kostylev
and Reutter [2015] to obtain, in combined complexity, a coN2EXP algorithm for
answering the two subclasses of CCQs they considered over DL-Lite’ ., refined
into a coNEXP algorithm over DL-Litecye, and also yielding a coNP upper bound
in data complexity.

But how can we decide which elements of the starting model Z can be safely
merged? We observe that they proceed in two steps. First, they define an
intermediate model Z’ (called interleaving) that, informally, retains the useful parts
of Z (i.e., those involved in query matches or needed to satisfy the ABox) and
replaces the rest with tree-shaped structures taken from the corresponding parts of
the canonical model. With this more structured countermodel Z’, it is easier to
identify, via a well-chosen equivalence relation, the elements that behave similarly
and thus can be safely merged. In a second step, elements of Z' from the same
equivalence class are merged to obtain the desired bounded-size countermodel.

A naive adaptation of the DL-Lite approach to ALCHZ fails at the very first
step as the existence of a canonical model is not guaranteed. Furthermore, even
when a canonical models exists, due to conjunction in the LHS of concept inclusions,
for example in £L TBoxes, the interleaving need not be a model as the next example
illustrates. Generally speaking, the issue is that the canonical model may not
contain elements witnessing conjunctions of concepts that occur in the initial
countermodel, so it is not enough to copy over parts of the canonical model.
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Example 7. Consider the EL KB Ky whose ABox only contains the assertion A(a)
and whose TBox contains the four following axioms:

ACJR.B ACJR.C BCD CCD BrnCCdR.A

A countermodel Iy for integer 2 and CCQ qo := 3z D(z) over Ky is depicted
on Figure 3.5a. It contains a single counting match: z — 6. The canonical model
Cx, of Ko is depicted on Figure 3.5b and embeds in the countermodel through the
homomorphism fy : a +— a,a-R.{B,D} — §,a-R{C,D} — 0. The interleaving
as defined in Kostylev and Reutter [2015] considers the interpretation obtained
from Cx, by merging together elements u,v from Ao iff fo(u) = fo(v) and this
element of Ly is reached by a counting match of Zy. In our case, it holds that
fo(a-RAB,D}) = fo(a-RA{C,D}) =0 and that § is reached by a counting match,
hence the interleaving depicted on Figure 3.5c. This latter interpretation violates
axiom BT C C JR.A, hence fails to be a model of ICy.

A«
«( )=
B C B,C
B,C.D § a-R.{B,D} a-R.{C,D} 5
| T |
A a A a A a
(a) Countermodel (b) Canonical model (c) Interleaving

Figure 3.5: DL-Lite interleaving applied on the ££ KB K

In this section, we present a family of models of a KB K that is built from
a starting model of interest Z. The construction proceeds in two steps. First, it
unfolds Z into a tree-shaped domain called the existential extraction which keeps
track of the RHS existential concepts satisfied in Z. This existential extraction
embeds in the initial model Z through a mapping f. Second, it folds back parts of
the existential extraction according to a parameter f’ being a function allowed to
merge together elements u and v of the existential extraction, i.e. f'(u) = f'(v),
only if f(u) = f(v). This condition is sufficient to ensure that the resulting
interpretation, called the f’-interlacing of Z, is a model of /.

Depending on the chosen function f’, the f’-interlacing may retain desirable
features of the initial model Z. By choosing f’ := Id, we show that the resulting
interlacing can be collapsed into a finite model with at most exponential size, which

provides a countermodel for large values of the candidate integer m when evaluating
a CCQ q over K.
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To handle the remaining values of m, we further explore another function
f":= f* whose corresponding interlacing has at most as many counting matches
as the initial model Z, but also partially inherits from the tree-shaped structure of
the existential extraction. This latter f*-interlacing motivates the 2EXP procedure
presented in the next section and allows us to build finite models that minimize
the number of matches.

Other interlacings, obtained wia refined functions f’, will further prove useful
to answer rooted CCQs (see Chapter 4).

To illustrate the various constructions presented in this section and the next
one, we rely on the following KB I, and CCQ ¢, as a running example.

Example 8. Let K. be the KB whose ABox A only contains the assertion A(a)
and whose ontology T contains the following azioms:

A CJR.A BC B'UD DC 3IS.D ANBLC L
A’C JR.A B'C JR.C CC3SA RORTC L
A’C JR.B B'C3T.D CC3S.B D3R~ A'C L

A model I, of K. is depicted on Figure 3.6. Consider the Boolean CCQ q. :=
Jyy Jyo 32 R(y1, y2) A S(ya, 2), which admits 2 counting matches in L., mapping
respectively z to a or to €.

IR
>

Figure 3.6: Model Z, of IC.
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3.2.1 Existential extraction

We fix a satisfiable ACCHZ KB K := (T, .A) and a model Z of K. The definition
of existential extraction uses the alphabet Q) consisting of all R.A such that GR.A
is the RHS of an axiom in 7. Furthermore, it assumes that, for every R.A € ), we
have chosen a function succk , that maps every element e € (3R.A)* to an element
¢’ € AT such that (e,e’) € R* and ¢’ € AT,

Definition 19. OQuver the set Ind(A) - Q*, inductively build the following mapping:

filnd(A)-Q° = ATU{T)
a +— a

w0 RA {T if fw) =1 or f(w) ¢ (GRA)T

succk A (f(w)) otherwise

where T is a fresh symbol witnessing the absence of a proper image for an element of
Ind(A) - Q*. The existential extraction® of Z is A° := {w | w € Ind(A) - Q*, f(w) #
1}. Slightly abusing the notation, the mapping fiao : A° — AT is also denoted f
for readability.

Remark 6. A° can be seen as the domain of a form of unravelling of T starting
from Ind(A), in which we only follow the selected successors for the RHS ezistential
concepts.

Example 9. For K., we have Q := {R.A;R.A’, R.B,R.C,S.A,S.B,S.D, T.D}. We
chose succk . (a) := a1, one could have also chosen az. All the other choices of
successors in L. are unique. The existential extraction AL of I, is depicted on
Figure 3.7 as a directed graph: an element w belongs to AY iff there exists a path
p from the node a to a node n, that produces w when concatenating a with the
encountered labels along p. For example, element a - R.A" - R.B belongs to A?
while a - R.A" - R.A" doesn’t. Notice A? is infinite. The image of an element w
by f is indicated as (f(w)) on the node n,. Hence f(a-R.A"-R.B) = 8 and
f(@a-R.A"-R.B-R.C-S.A) =a.

As illustrated by the above example, existential extractions contain many
regularities. In particular, the branches issuing from two elements of an existential
extraction that map on the same element in the starting model are similar. This is
formalized by the following lemma.

Lemma 1. Let u,v € Ind(A) - Q* such that f(u) = f(v). For all w € Q*, we have
flu-w)= f(v-w); hence in particular v -w € A° iff v-w € A°.

®While the definitions of f, A°, and later constructions depend on the choice of successor
functions, all choices lead to the desired result.
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(9) (az) (8) (9)

(a2) (8)
?\ /3 A 2\ /% A
v o n v & x
(a1) (9) (a1) (0)
% \ / | z
wn N
(aa) (8) (9) (@) (e)
P Y Q)
4 ) =) &
y Q/ 5 \ /

(as)

S \V

(a2)

o

(a1)

Figure 3.7: A representation of f and of the existential extraction of Z,

Proof. We proceed by induction on w € Q*. For w being the empty word, it is
trivial. Assume now it holds for w and consider w-R.A. Observe that the definition
of f(u-w-R.A) only depends on f(u-w), which is equal to f(v-w) by induction
hypothesis. Therefore f(u - w - R.A) yields the same value as f(v-w-R.A). O

3.2.2 A family of models: interlacings

Consider a satisfiable ALCHZ KB K := (T,.A), a model Z of £ and A° an
existential extraction A° of Z for some choice of successors in Z. We recall that
f : A° — AT denotes the mapping built along the domain A°. We proceed to
define f’-interlacings, parametrized by a function of interest f’.

Definition 20. The f’-interlacing Z' of Z is the interpretation whose domain is
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AT = f'(A°) and which interprets concept and role names as follows:

AT = {f'(w) |u € A°, f(u) € AT}

P .= {(a,b)|a,beInd(A)AK = P(a,b)} (Vo)
U {(f'(v), f'(u-R.B)) |u,u-RB€A°AT =REP} (V)
U {(f'(u-R.B), f'(v)) |u,u-RBeA*NT ER™ C P} (V-)

Intuitively, the Id-interlacing is the interpretation with domain A° with concepts
imported from Z and roles interpreted in a tree-shaped manner (apart from the
ABox part) issuing from the occurring successors in Z. The f’-interlacing is then
the image of the Id-interlacing by f’. In particular, by setting f’' := f, we obtain
the f-interlacing being a sub-interpretation of the original model Z.

Notice the interpretation of roles is mainly defined from the existential extraction,
which is similar in spirit to the interpretation of roles in the canonical model when
it exists, and relates to the original model as follows:

Lemma 2. For all u,v € A° and all role R € N, if (f'(u), f'(v)) € RT, then
(f(u), f(v)) € R,

Proof. Let u,v € A° and R € NZ such that (f'(u), f'(v)) € R¥. We distinguish
the three cases from definition of RZ'":

Vo. We have u,v € Ind(A) and K | P(u,v). In particular f(u) = w and f(v) = v,
and since Z is a model, it immediately gives (f(u), f(v)) € RZ.

V4. There exists P.B € Q such that 7 = P C R and v = u - P.B. Since
u-P.B € A°, we have that succh 5(f(u)) is defined and the definition of f yields

f(v) = succk 5(f(u)). By definition of succh 5(f(u)), we have in particular
(f(u), f(v)) € PL. Since Z is a model, it now ensures (f(u), f(v)) € RT.

V_. There exists P.B € Q such that 7 = P~ C R and v = v - P.B. Since
v-P.B € A°, we have that succh 5(f(v)) is defined and the definition of f yields
f(u) = succh 5(f(v)). By definition of succh 5(f(v)), we have in particular
(f(v), f(u)) € PL. Since T is a model, it now ensures (f(u), f(v)) € RZ. O

In general, the f’-interlacing may not be a model of K. For example if the
function f’ maps two elements u and v on a same element e := f'(u) = f’(v), and
that u € AT and v € B? for some concepts A and B such that 7 = ANBLC 1,
then the element e satisfies both A and B in f’(Z), proving the latter is not a
model of IC. We hence explore a sufficient condition ensuring modelhood, namely
pseudo-injectivity of f’, which intuitively requires the function f’ not to merge
together elements that are not already merged by the function f.
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Definition 21. A function f': A° — E is pseudo-injective if: for all u,v € A°, if
f'(u) = f'(v), then f(u) = f(v).

Under this condition, we obtain modelhood but also prove that such a f’-
interlacing embeds in 7.

Theorem 4. If f': A° — FE is pseudo-injective, then I’ is a model of IC and the
following mapping is a homomorphism from I' to L:

o: AT 5 AT
fi(w) = f(u)

Notice that f' being pseudo-injective ensures o is indeed well-defined.

Proof. We start by showing that 7’ is a model, by considering each possible shape
of assertions and axioms (recall that 7 is in normal form):

A(a). Since Z is a model, we have f(a) = a € AZ. Therefore, the definition
of AT gives f'(a) =a € AT

P(a,b). Setting Py := P in Case V of the definition of PZ' yields (f'(a), f'(b)) =
(a,b) € P¥.

TC A. Let wu e T = A?. By definition of A, there exists uy € A° such
that f'(ug) = u. Since f(up) € TZ and Z is a model, it ensures
f(ug) € AT. Therefore u = f'(uy) € A

ATTMA C A Let u € (Ay M AZ)I'. By definition of A{l and A%/, there exists
up, upy € A° with f'(uy) = f'(up) = u and such that f(u;) € AT and
f(uy) € AZ. Since f’ is pseudo-injective, it yields f(u1) = f(us),
hence f(u1) € (A; M Ay)%. Since T is a model, it ensures f(u;) € AZ.
Recalling f'(u;) = u, we obtain u € A”".

A C IR.B. Let u € AT, By definition there exists v € A° with f'(v) = u and
such that f(v) € AZ. Since Z is a model, it ensures succk 5(f(v)) is
defined. Therefore v-R.B € A° and element w := f'(v - R.B) satisfies:

- (u,w) € RY since (u,w) = (f'(v), f'(v-R.B));
- w € BT since f(v-R.B) = succk 5(f(v)) € BY and f'(v-R.B) =

w.

Hence u € (3R.B)?".
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JR.BC A.

Ri MRy C A,

Let u € (3R.B)Y, that is there exists v € BY with (u,v) € R*. By
definition of AT, there exists ug € A° such that f'(ug) = u, and
by definition of B?' there also exists vy € A° such that f'(vy) = v
and f(vy) € BZ. Notice (f'(up), f'(vo)) € RT hence Lemma 2 gives
(f(uo), f(vg)) € RE. Therefore f(uy) € (3R.B)*. Since Z is a model,
it ensures f(u;) € AZ, yielding u = f'(u;) € AT

. By contradiction, assume u € AZ N B?'. By definition there exists

v,w € A° with f/(v) = f'(w) = u and such that f(v) € AT and
f(w) € Bf. Since f’ is pseudo-injective, we obtain f(v) = f(w).
Hence f(v) € AT N BT, contradicting Z being a model.

. Let u € =BY". By definition of AZ', there exists v € A° such that

f'(v) = u. Since u ¢ BY' | we have f(v) ¢ BY. Hence T being a model
gives f(v) € A, yielding by definition u = f'(v) € AT

. Let (u,v) € PT. By definition of AT, there exists ug, vy € A° such

that f'(ug) = v and f’(vg) = v. In case Vq from the definition of
P we have K }= P(u,v), hence K |= R(u,v) and (u,v) € RT by
definition of R¥". Otherwise both cases V. and V_ provides a subrole
Py € NjRE of P, hence also of R, which triggers the corresponding case
for R*" and ensures (u,v) € R?".

By contradiction, assume one can find (u,v) € (R;MRy)*. By
definition of AT, there exists ug, vy € A° such that f'(uy) = v and
f'(vo) = v. Notice (f'(ug), f'(vo)) € RF and (f'(uo), f'(vo)) € RE,
hence Lemma 2 gives (f(uo), f(vo)) € R and (f(uo), f(vo)) € RE,
that is (f(ug), f(vo)) € (R; M Ry)%. However, Z being a model ensures
(Ry MR2)% = 0, hence a contradiction.

We now prove that ¢ is a homomorphism:

- Let u € A?. By definition of A¥| we have uy € A%° such that f'(uy) = u
and f(ug) € AT. Remark 7 provides o(f’(ug)) = f(uo), hence o(u) € AZ.

- Let (u,v) € RY. By definition of A?, we have ug,vy € A° such that
f'(uo) = w and f'(vy) = v. Notice (f'(ug), f'(vo)) € RY, hence Lemma 2
gives (f(uo), f(vg)) € RT. Using Remark 7, we obtain (o(u),o(v)) € RT. O

Remark 7. It is immediate that oo f' = f.

Interestingly, using a very simple pseudo-injective function, this construction
allows to equip the existential extraction with an interpretation being a model.

Remark 8. Id : A° — A° is pseudo-injective, hence the ld-interlacing is a model.
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3.2.3 Finite models

We now exhibit a finite model Zx for each satisfiable ACCHZ KB K. This will
allow us to answer a CCQ ¢ over K with candidate integer greater than |Zi|'”
simply by checking satisfiability. The existence of such finite model is obtained by
merging elements from the Id-interlacing of a model of IC, primarily according to
the atomic concepts they satisfy but also with some additional conditions due to
role disjointness axioms.

Theorem 5. If K := (T,.A) is a satisfiable ACCHZ KB, then it admits a model
with size at most |Ind(A)| + 3 |T|2/71.

Proof. Assume K admits a model Z. Consider its ld-interlacing Z'. For each
element of AT, we define its size: the size |a| of an individual a is 1, the size
lw - R.B| of a non-individual element w - R.B is |w| + 1. We now equip A% with
the following equivalence relation ~: each individual is only equivalent to itself,
while two non-individual elements w; - R1.B; and ws - Ro.By are equivalent iff they
satisfy the same concept names, that R;.B; = Ry.Bs and |w| = |we| mod 3. Let
u denote the equivalence class of the element u w.r.t ~ and v : d — d the canonical
projection.

We claim that the interpretation M := T’/ ~ with domain A% / ~ and
interpretation function -™ := v o-% is a model. Notice it has the desired number of
elements as each equivalence class is either a single individual, or fully characterized
by an integer modulo 3, a role from sig(7") and a set of concepts from sig(7).

We consider in turn each of the possible forms of assertions and axioms:

A(a). Since 7' is a model, we have a € AZ'. Therefore, the definition of A™M
gives a = a € AM,

P(a,b). Since T’ is a model, we have (a,b) € PZ". Therefore, the definition of
PM gives (3,b) = (a,b) € PM.

T C A. Let u e TM = AM. By definition of AM, there exists ug € AT such
that 4y = u. Since ug € TZ and 7’ is a model, it ensures uy € A%
Therefore the definition of AM gives u = uy € AM.

AIMA; C AL Let u € (A; N Ay)M. By definition of A and A, there exists
u; € AT and uy € ALY with 4, = 4y = u. Since @) = 1, elements
uy and uy satisfy the same concepts. In particular u; € (A M AQ)I/.
Since Z' is a model, it ensures u; € AT, yielding by definition of AM
that u = u; € AM.
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A C JR.B.

JR.B C A.

RiMRy C L.

Let u € AM. By definition of AM there exists ug € AT with 4y = w.
Since T’ is a model, it ensures there exists vy € BY with (ug, vy) € RY.
By definition of BM and RM, the element v := 7, satisfies both
v € BM and (u,v) € RM, that is u € (3R.B)M.

Let u € (GR.B)M, that is there exists v € BM with (u,v) € RM. By
definition of BM and RM, there exist (ug, v9) € R* and v; € B such
that ug = v and vy = v; = v. Again, since vy = v; both vy and v,
satisfy the same concepts, that is in particular uy € (EIR.B)ZI. Since
7' is a model, it ensures ug € AT, yielding by definition of A™ that
u =1y € AM.

. By contradiction, assume u € AM N BM. By definition there exists

v e A? and w € BY with ¥ = @ = u. Since v = w, both v and w
satisfy the same concepts, contradicting Z' being a model.

. Let u € =BM. By definition of AM, there exists v € I’ such that

U = u. Since u ¢ BM, we have v ¢ BY'. Hence 7’ being a model gives
v e AT, yielding by definition u =7 € AM.

. Let (u,v) € PM. By definition of PM, there exists (ug, vo) € P such

that 1y = u and 0y = v. Since Z' is a model, it ensures (ug, vy) € RY,
hence (1, Uy) = (u,v) € RM by definition of RM.

By contradiction, assume one can find (u,v) € (R;MRy)™. By
definition of R and R, there exists (u1,v) € RY and (ug, v3) € RY
such that u; = us = v and v; = v, = v.

If either £ = Ry(u1,v1) or K = Ra(ug,v2), then, each individual
being alone in its equivalence class, we have u; = uy and vy = vs.
In particular it gives (uy,v;) € (Ry MRy)?, contradicting Z' being a
model.

Otherwise we distinguish the four possible cases:

- vy =uy-P1.Byand T =Py C R;.

- vy = up - P9.By and T = Py C Ry. Since v = vy we have
P1.B; = P3.By. In particular (uy,v;) € R,”', which contradicts
7' being a model.

- up = vy - P9.By and T |= Py C Ry . In particular |vy| = |uy| + 1
mod 3 and |us| = |ve] + 1 mod 3. Recall that u; = uy and
U1 = Uy, hence |uj| = |uz| mod 3 and |v;]| = |va] mod 3. It
yields 0 =2 mod 3, contradiction.

- U1:U1'P1.B1 andT}:Plng
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- Vg = uy - P9.By and T | Py C Ry. Symmetric to the previous
case, leading to a contradiction.

- uy = vy - Pe.Byand T = Py C Ry . Since u3 = uy we have
P1.B; = P2.By. In particular (uq,v;) € R,%, which contradicts
7' being a model. m

Lemma 3. For every satisfiable ACCHZ KB K := (T, A) and CCQ q, there exists
a model with at most (|Ind(A)| + 3 |T|2I7Nlel counting matches.

Proof. The model exhibited in Theorem 5 is such a model. ]

3.2.4 Countermodels via interlacings

We now consider a CCQ ¢ and investigate a more specific function f*, whose
f*-interlacing has at most as many counting-matches as the original model Z. This
latter property along with the locally tree-shaped structures inherited from the
existential extraction will play key roles in the 2EXP procedure developed further
in this chapter and will be the starting point for the constructions of models with
polynomial size w.r.t. data complexity. To define this new interlacing function f*,
we first need to capture which elements in the starting model Z are involved in
counting matches.

Definition 22. Given an interpretation Z, we let A* be the set of individuals from
A plus all the elements from AT reached by counting matches. More formally:

A*:=1Ind(A) U | 7(z)

Tiq—TL
match

We can now define f* as a function which mimics f when it reaches A*, and
preserves A° otherwise. This definition is a direct adaptation of the function used
in Kostylev and Reutter [2015], but using existential extraction and interlacings in
place of canonical models and interleavings.

Definition 23. The f* mapping of Z is:
ffr A = AT (A% AY)
o { fw) if f(w) € A

w otherwise

Example 10. Figure 3.8 depicts the f*-interlacing I, of Z,. It has an infinite
domain inherited from the existential extraction, but only 2 counting matches for q.
like the initial model Z.. On the other hand, the number of matches for q. in L. is
infinite while it was 2 in Z,.
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Figure 3.8: Initial portion of the f*-interlacing of Z,
To ensure modelhood of the f*-interlacing, we rely on Theorem 4 and thus
concentrate on proving f* is pseudo-injective.
Lemma 4. f* is pseudo-injective.

Proof. Let u,v € A° such that f*(u) = f*(v). We distinguish two cases based on
f(u) belonging, or not, to A*.

f(u) ¢ A*. Therefore f*(u) = u and in particular f*(u) ¢ A*. Recall f*(v) = f*(u),
hence f*(v) ¢ A*. Therefore f*(v) = v, yielding u = v, hence f(u) =

fw).
f(u) € A*. Therefore f*(u) = f(u) € A*. Recall f*(v) = f*(u), hence f*(v) € A*.
Therefore f*(v) = f(v), yielding f(u) = f(v). ]

We now turn to the counting matches in the f*-interlacing Z’', which are
exactly those of the original model Z. Notice however that the number of matches
extending each counting match may have increased (eventually becoming infinite as
in Example 10). The general idea is to use the homomorphism ¢ also provided by
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A° z

q 7

Figure 3.9: Mappings involved in the proof of Lemma 5.

Theorem 4 to injectively transform counting matches of Z' into counting matches
of Z, from which it follows by definition of A* and f* that these counting matches
coincide.

Lemma 5. The f*-interlacing of a model Z has at most as many counting matches
forq as T.

Proof. Let 7' be the f*-interlacing of Z. We prove that if 7 : ¢ — Z' is a match,
then (0 o), = m,. Since o o7 is a match of ¢ in Z, it proves in particular that
o injects the c-matches of 7' in the c-matches of Z, hence the claim. Let us thus
consider a match 7 : ¢ — Z’. By definition of A%, we can pick some 7 : ¢ — A°
such that 7 = f* o7 (note that 7 is not a match since we do not define an
interpretation on A°). By Theorem 4, o o7 is a match of ¢ in Z. Therefore we have
(0 om)(z) C A*, that is (6 o f*o7)(z) C A*. Remark 7 ensures o o f* = f, hence
it is also (f o7)(z) C A*. Along with the definition of f*, it gives f* o7, = fom,.
Recall 7 = f* o7, by definition of 7, hence in particular 7, = f* o 7,. Therefore
gomMy =00 f*oT,=fom,= "o, =m,. O

3.3 Answering CCQs over ALCHZ ontologies

In this section, we devise a procedure that computes in double-exponential time
the minimum number of counting matches, which immediately yields the following
upper bound:

Theorem 6. CCQ answering in ALCHZL is in 2EXP w.r.t. combined complezity.

Our approach is based upon the f*-interlacings from Section 3.2.4, witnessing
that there exists a model minimizing the count value that consists of an arbitrary
structure Z* containing all assignments for the counting variables, augmented
with structures that are tree-shaped, provided we ignore edges to and from Z*.
Importantly, we can bound the size of the central component Z*, which enables us
to explore all possible options for Z*. Checking whether a given Z* can be extended
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to a model preserving the minimum count value can be done by specifying a set
of patterns (intuitively representing a pair of adjacent elements), and testing via
local consistency conditions whether they can be coherently assembled. This latter
step takes inspiration from a C(Q answering technique for existential rules found
in Thomazo et al. [2012], and is also similar in spirit to type-elimination style
procedures, which have been employed for reasoning with expressive DLs, see e.g.
Rudolph et al. [2012]; Eiter et al. [2009].

3.3.1 Patterns

We fix an ALCHZ KB K := (T, .A), a CCQ ¢. If K is not satisfiable, which can be
tested in EXP (see Theorem 3), then the minimum number of counting matches
is 400 (as every [m, +o0] is a certain answer). We henceforth focus on the case
of K being satisfiable. It follows from Lemma 3 that the minimum is at most
M := (]ind(A)| + 3|7 2714l Hence, in any model Z having a minimum number
of counting matches, the set A* C AZ (see Definition 22) of elements appearing in
the image of a c-match has size at most M - |¢|. We can thus iterate over all such
A*, and even over all induced interpretations Z* = Zja«, in double-exponential time
w.r.t. combined complexity. The core task will then be to determine, given such
a candidate Z*, whether we can extend Z* into a model of K without introducing
new c-matches.

Let us fix our candidate Z* and see how to check for a suitable extension. The
challenging axioms to handle are those of the form A C 4R.B, as they might require
us to introduce new elements. We recall the set 2:= {R.B| AC 3R.B € T} and
shall refer to its members as (ezistential) heads. Importantly, as the f*-interlacings
from Section 3.2.4 witness, it is sufficient to consider extensions of Z* which are
obtained by adding tree-shaped structures of new elements, plus some edges between
the new elements and A" (we may need to use elements from A" as witnesses for
existential heads to avoid new query matches). This property enables us to build
such an extension by piecing together local interpretations corresponding to the
addition of a single edge, using two distinguished symbols @ and ® as placeholders
for fresh elements. We shall call these building blocks patterns, as they are inspired
by a notion of the same name introduced for CQ answering with existential rules
[Thomazo et al., 2012]. To be easily connected, these local interpretations are
required to be saturated, in the following sense.

Definition 24. An interpretation Z is T -saturated if it can be extended to a model

J such that J ,z = Z. In particular, T must contain all certain facts that can be
inferred from I and T .

Remark 9. Testing the T -saturation of an interpretation I can be done by testing
the T'-satisfiability of T enriched by: all facts A(e) with e € AT\ A%, where A is
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a fresh concept name, and T' contains T and axioms A MA C L; and by facts
R(e1, e2) with (e1,e5) € AT x AT\ R*, where R is fresh role name, and T' also

contains axioms RTMTR C L.

Patterns not only consist of a local interpretation, but also other information
needed to ensure that assembled patterns do not violate any TBox axioms or
introduce any new matches. In particular, we shall keep track of (partial) query
matches involving the local elements using the notion of a coherent specification.
Intuitively, such a specification tells us which matches should be realized in the
constructed extension, and naturally contains at least the matches of subqueries of
q already realized in the local interpretation.

Definition 25. Let Z be an interpretation.

- The specification M? induced by Z is the set of pairs (r,7) such that r C q
and 7 :r — T is a (full) match.

- A coherent specification 9 over I is a set of pairs (r,m) where r C q and
is a partial mapping from terms(r) to AT such that:

_ m’tl— g m}.

- If (r1,m1), (re, m) € M with m and 7 defined and equal on var(ry) N
var(ry), then (r; Ury, m Umg) € M.

To check the compatibility of different specifications, we will need to be able to
restrict them to a subdomain:

Definition 26. The restriction of a specification 9t over an interpretation I to
a domain A C AT, denoted M, is the set of pairs (r,7') such that 7' is the
restriction of w to 7 Y(A) for some (r,7) € M.

Remark 10. Induced specifications and restrictions of coherent specifications are
both coherent specifications.

Patterns will contain a further kind of information called a prediction, defined
next. The purpose will be explained in more detail once we introduce links between
patterns, but roughly it serves to coordinate the successor patterns of a pattern to
avoid violating negative role inclusions.

Definition 27. A prediction is a function next : Q — A" U Q wverifying that: for
all Rl.Bl,RQ.BQ € Q, ZfT |: R1 1 RQ E J_, then next(Rl.Bl) 7é next(Rg.Bg).

We now formally define the central notion of pattern, relative to Z* and a
candidate specification 99" over Z*.
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Definition 28. A pattern P (w.r.t. T* and IN*) is a tuple (fe*, gen®  I% 9 nextp)
where:

- The frontier and generated domains ft* and gen® are disjoint sets of elements
from AT U{©e,®};

- 3% is a T -saturated and T -satisfiable interpretation with A = AT Ufe® Ugen®
and such that 3&1* =1%;

- MF is a coherent specification of q over J¥ that preserves OM*, that is
(mp)\AI* = D:n*;

- nextp s a prediction.

We shall be interested in two types of patterns. The (unique) initial pattern
P* = (0, AT, Z*,9m*,1d) simply represents Z* and 9*. All other patterns of
interest represent additions of a pair of adjacent elements, and ft* and gen” will be
singletons (representing these two elements).

Example 11. In our running ezample, A* := {a,e} (z maps to only these elements).
The initial pattern P* has frontier (), generated terms A¥, interpretation I} :=

(Ze)|ax depicted in Figure 3.10a, and specification given in Table 3.8. Non-initial
patterns will be illustrated later.

We now define how to combine patterns together, and first, when it is necessary
to combine them.

Definition 29. We say that R.B € Q is applicable to e in a pattern P if e € gen®
and there exists A C IR.B € T with e € A but e ¢ (3R.B)7.

When a head is applicable to a pattern, we need to find another pattern that
can realize the head. This is formalized by the following notion of link between
patterns, which requires that the two patterns are compatible (Conditions 1, 2,
3), the second pattern realizes the head (Condition 4), and certain consistency
conditions hold (Conditions 5, 6).

Definition 30. Let R.B be an applicable head on ey in a pattern Py. There is a
(R.B, eq)-link from Py to Py if:

1. f*2 = {e;} and gen™ is a singleton, say {es};
2. For all concept names A, we have e; € AT iff e1 € AT ;

3. Mmh

|AI* U{el

_ Py .
P m\AI*U{el}’
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Table 3.3: Specifications from Example 12. v* in a 9-column indicates that the
pair (p, ) given by the first 4 columns, with 7 a partial match of p, belongs to 9.
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4. es € B and for all P € Ng:
P¥? = PT U{(e1,e2) | TERC PYU{(es,e1) | T =R C P}

5. If ever e; € AT N e, then 371 U 3% is T-satisfiable.
6. If eo € AT, then ey = nextp, (R.B).

We denote by Lgﬁl‘il the set of patterns Py such that there is a (R.B, ey)-link from
Pl to PQ.

Remark 11. Predictions are used in Condition 6 to avoid problematic situations
where two successor patterns merge back to the same element of AT". Specifically,
if we have a Ry.Bi-link from Py to Py and a Ro.Bs-link from Py to Py, with
T E RiMRy E L, then nextp,(R1.B1) # nextp,(Ry.By), preventing Py and Py
from using the same element of AT" as generated term (which would violate T ).
Condition 5 is similar in spirit, handling the case of the pattern Py using the frontier
element of Py as a generated term.

Example 12. We consider patterns P{, ... P, whose interpretations are depicted
in Figure 3.10. Frontier terms are indicated using square-purple and generated
terms by circle-green. Predictions are always Id except for nextpe, which maps S.A
to a and S.B to €. The specifications M; are given in Table 3.3, with pr being
the R-atom of q. and ps its S-atom. Links between our patterns are depicted in
Figure 3.11.

Let us illustrate the underlying mechanisms of specifications and Condition 3 with
the link P € ]L]%'?]?@. Notice that despite 3°7 interprets S as empty, its specification
M contains the pair (qe, (Y1, Y2, 2) — (®,®,€)) witnessing for a complete match
it doesn’t have full knowledge of. This is made possible by: (i) the fact R(®,®)
satisfied in the interpretation of P ensures (pr, (y1,y2) — (®,©®)) € My as My
must be coherent; (ii) similarly (ps, (Yo, 2) — (©,€)) € Mg from the coherence of
Mg, (iii) Condition 3 requires the restrictions of their specifications to {a, e, ®}
to coincide, hence (ps, (y2,z) — (©,¢)) € My; (iv) coherence of My requires that
the combination of (ps, (y2,2) — (©,¢)) and (pr, (y1,y2) — (®,®)) belongs to My,
which is the desired pair. This highlights how specifications, if well assembled, suffice
to capture complete matches of the CCQ of interest despite the local interpretations
they are attached to.

We now characterize patterns that cannot be used to satisfy a head without
introducing a new c-match.

Definition 31. A pattern P is rejecting if one of the two following conditions
holds:
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Figure 3.10: Interpretations of the patterns from Example 12

- There exists (q,7) € ME with ©(z) N {©,®} # 0;

- There exists an existential head R.B that applies on e in P such that all
patterns P’ € Lgf are rejecting.

A pattern is accepting if it is not rejecting.

The acceptance of the initial pattern P* is a sufficient condition ensuring Z*
extends to a model having no more counting matches than encoded in 91*, i.e. the
pairs (¢, 7) € 9" such that 7 is defined for all counting variables.

Lemma 6. If P* := (), A*,Z*,M*,Id) is accepting, then there exists a model T
such that T C I and if 7 : ¢ — I is a c-match, then (q,m) € M*. In particular,
I° has at most as many c-matches as those encoded in IN*.

Furthermore, the minimum number of counting matches is reached among initial
patterns due to the following result:
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. (SDe) T T
IP)Q ]P)l() ]P)ll

Figure 3.11: Links between the 12 patterns from Example 12. Label (h,e) on an
edge (u,v) indicates a (h, e)-link between patterns u and v.

(S.D,¢)

Lemma 7. If 7 is a model of K with m counting matches, then there exists an
accepting initial pattern whose specification encodes exactly m c-matches.

Before proving Lemmas 6 and 7, let us recap the overall double-exponential
procedure underlying Theorem 6:

Proof of Theorem 6. We consider all possible initial patterns P* with an interpre-
tation domain A* such that Ind(A) C A* and |A*] < M]g| (recall Lemma 3).
Every such P* is of single-exponential size w.r.t. combined complexity (observe
that its specification 9t* corresponds to a subset of 27 x (A* U {1})9), and thus
are double-exponential in number (up to isomorphism) and can be enumerated in
double-exponential time. For each such P*, we construct in double-exponential time
the set of all possible descendant patterns of P* (which are of single-exponential
size, having at most |A*| 4+ 2 elements). We then check whether each possible
pattern (P* or candidate descendant) is in fact a well-defined pattern, in particular,
its interpretation is 7 -satisfiable and 7T -saturated. These verifications can be done
in double-exponential time, recalling that KB satisfiability and instance checking
are in EXP for ALCHZ (even this variant with negative role inclusions, see 3).
Acceptance of P* is tested (again in deterministic exponential time) by repeatedly
iterating over the set of patterns and removing those that are rejecting either due
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to their specification, or due to the removal of all patterns that could provide
a link for an applicable head. If P* is found to be accepting and 9 encodes
m c-matches, then Lemma 6 ensures the existence of a model with at most m
c-matches. Conversely, Lemma 7 ensures that we can find the smallest such m
among the accepting initial patterns. O]

3.3.2 Soundness: from patterns to models

To prove Lemma 6, assume we are given an initial pattern P* := (0, A* Z* 9t*, Id)
that is accepting. Our aim is to construct a model Z that extends Z* and is such
that (q,m) € 9* for every c-match 7 : ¢ — Z.

We proceed as follows. For each accepting descendant pattern P (w.r.t. Z* and
9*) and each head R.B applicable to e in P, we choose an accepting pattern ch];}@tv';3

from ILI}F}'E. Then, starting from P*, we build a tree-shaped set of words, whose
letters consist of an accepting pattern and existential head, and which witnesses
the acceptance of P*.

Definition 32. The pattern tree P is the smallest set of words such that:
- (P*,0) € P;
- Ifw-(P,h) € P and R.B is applicable to e in P, then w- (P, h)-(ch%f, R.B) e P.

Remark 12. Fach element from P has shape w - (P, h), where w is eventually the
empty word. In particular, in what follows, when we let w - (P, h) € P it includes
the case of the initial pair w - (P, h) = (P*,0).

It remains to ‘glue’ together the interpretations J° according to the structure
of P. Since a pattern P may occur more than once, we create a copy of J° for
each node in P of the form w - (P, h). We do not duplicate however elements from
I* as they precisely are those we want to reuse. Hence only the frontier term
and the generated term may be duplicated (provided they do not belong to A*).
When a node w - (Py, hy) - (Pq, ho) is encountered, we merge the frontier term of
Py with the already-introduced copy of the generated element from P; on which
hy is applied (which is the only element in ft*2). Therefore, when considering
such a node w - (Py, hy) - (P2, hy), the only element we might have to introduce
is a copy of the generated term e of Py (unless e € A*), which we shall simply
name w - (Py, hy) - (P2, hy). Formally, the copying and merging of elements is
achieved by the following family of duplicating functions, defined inductively for
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each w - (P, h) € P.

Aw@py s AT = AT U{w,w- (P, h)}
e if e € AT
e w if e € f \ AT
w- (P,h) if e € gent \ AT

Note that if e € ft™ \ AT, then e € gen™ \ A”", hence

/\w'(Pl,hl)'(Pz,hz)( ) )‘ Pl,h1)( ) : (Plah1)~
The desired model Z can then be defined as follows:

I = U )\w-(]P’,h) (jp),

w-(P,h)eP

that is the domain (resp. the interpretation of each concept name and each role
name) of Z is the union across all w - (P, h) € P of the image by A,.p ) of the
domain (resp. the interpretation of each concept name and each role name) of J%.

Example 13. The patterns introduced in FExample 12 are sufficient to witness that
IP* is accepting. The corresponding pattern tree P. can be obtained by “unfolding”
the links between patterns depicted in Figure 3.11, starting from the pattern P}.
The resulting L. is depicted in Figure 3.8, which coincides with the f*-interlacing
of the original model Z.. Notice how it inherits the tree-shaped structure of P, up
to roles collapsing back in ZL;.

By definition, each A,,.p 1) is a homomorphism from 3% to Z. Due to Condition 2
of Definition 30, the shared element of linked patterns must belong to the same
concepts, so concept membership in Z transfers back to J*:

Lemma 8. For all w- (P,h) € P, for all e € AV and for all A € Nc, if
Awen(€) € AT, then e € A

Proof. Let wy - (P, hy) € P be a node from the pattern tree, e; an element from
A™" and A a concept name. Assume ), p,(e1) € AZ. By definition of AZ there
exists a node wsy - (Py, hy) from the pattern tree, and an element ey € A% such
that Ay .@y51)(€1) = Aws-(Bo,ho)(€2). We further refer to this equality as (x). We
distinguish 5 cases.

1. €1 € AI* or eg € AI*.
(%) yields e; = ey. Interpretation JF2 preserves Z*, hence e, € AT Interpre-
tation J1 preserves Z*, hence e; € A7,

In the remaining cases, we assume e1, ey & AT, which ensures Py # P* and
P, # P*. In particular, ', gen®, 2 and gen™ are singletons.
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2. e; € gen®t \ AT and e, € gen™2 \ AT,
(%) yields P; = Py. Recall gen®t is a singleton hence e; = ey, which concludes.

3. e € ¥\ AT and e, € gen™2 \ AT
(%) yields wy = wy - (Pa, he). In particular wy - (Pg, hy) - (Py, hy) € P, hence
P, = chg;ez. From the definition of a link, e; = ey (Condition 1) and
e1 satispﬁes the same concepts in both interpretations (Condition 2) hence
e € AT

4. ey € gen”t \ AT and ey € ft'2\ AT,

Same arguments as for Case 3 but this time with Py = chﬁiiel.

5. e € f\ AT and ey € fr2 \ AT,
(x) yields the existence of w - (Q,h) such that w; = we = w - (Q,h). In
particular w - (Q, h) - (Pg, he) € P, hence Py = chh2’62. By definition of a link,
ey satisfies the same concepts in both interpretations (Condition 2) hence
ey € A% Similarly, w- (Q,h) - (Py, hy) € P, hence P, = ch&w. By definition
of a link e; = ey (Condition 1) and e; satisfies the same concepts in both
interpretations (Condition 2) hence e; € A¥" O

An analogous property fails however for roles, as two patterns P; = chf;’leBl and

Py = ch]}Pﬁ:‘;‘B2 may reuse the same element from A*, that is, gen* = gen® C A*. In
that case, we have )\w.(p,h).(thl.Bl)(AjPl) = )\w.([p’h).(]p%RZ.BZ)(AjP?) hence J¥' maps
somewhere in 7 satisfying the role Ry, but there is no reason for Ry to be satisfied
in J%1. Such a situation may also arise for P and P; as above if gen™ C ft¥ C A*.
Conditions 5 and 6 from the definition of a link, respectively handling the second
and the first of the two cases described above, allow us to show the following weaker

property, sufficient for our purposes:

Lemma 9. Forallw-(P,h) € P, d,e € Ajﬂ), and P € Nr: if (Aw.e,1)(d), Awppy(€)) €
PZ, then O remains T -satisfiable if we add (d,e) to P

Proof sketch. The full proof can be found in the appendix and proceeds by a case
analysis similar in spirit to the proof of Lemma 8 (except there are twice as many
elements to consider). As mentioned, this is the main proof in which Conditions 5
and 6 from the definition of a link are required. We recall the purpose of these
conditions has been discussed in Remark 11. O]

With Lemmas 8 and 9 in hand, we are ready to show that Z is a model of .

Lemma 10. 7 is a model of K.

Proof. We consider each possible shape of assertion and axiom in C:
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A(a).

P(a,b).

A TTA; C AL

A; C JR.A,.

JR.A; C As.

Since Z* is a model of A, we have a € AZ". Recall Z* is the inter-

pretation of the initial pattern. Therefore the definition of AT gives
a= )\]p*yq)(a) e AT

Since Z* is a model of A, we have (a,b) € PZ". Recall Z* is the
interpretation of the initial pattern. Therefore the definition of PZ
gives (a,b) = (Ap-p(a), Ap- g(b)) € PZ.

. Let u € TT = AZ. By definition of AZ, we have w - (P,h) € P and

an element e € A% such that Awp.n(€) =u. Since e € T and 7% is

T-saturated, it ensures e € A” . Therefore the definition of AZ gives
u = )\w.(]pﬁ)(e) € AT,

Let u € A M A", By definition of A%, there exist w - (P,h) € P
and an element e € A7 such that Aw-(,n)(€) = u. Lemma 8 applied

on both concepts A; and A, ensures e € ATl Agjp. Since J* is
T-saturated, it ensures e € A” . Therefore the definition of AT gives
U = Aw-(P,h)(e) € A,

Let u € AT, By definition of A%, there exist w - (P,h) € P and an
element e € A such that e € Aljp and Ay.ppy(€) = u.

We first prove that w.l.o.g. we can assume that e € gen®. Indeed, if
e € A*, then e is in the generated domain of the initial pattern P*
and Lemma 8 gives e € A; . Otherwise, if e € ft*, then w cannot be
empty (recall the initial pattern has an empty frontier!) and therefore
we have w = w' - (Py, hy) with e € gen™ and A\y.(py no)(€) = u. Again,
Lemma 8 gives e € Aljyo. Therefore, up to switching PP to P* or to
Py, we can assume w.l.o.g. that e € gen.

If R.A, is not applicable to e in P, then this is because there exists
¢ € A, with (e,¢') € R, Set v := Ay p.n)(¢'). By definition of R
and A%, we obtain v € AZ and (u,v) € R7.

If R.A, is applicable to e in P, then since P is accepting there must
exist an accepting pattern P; € ch%‘fz’. In particular w - (P, h) -
(P1,R.Ay) € P. Let € be the generated term of P;. From the definition
of a link between patterns, we have (e,e’) € R¥" and ¢/ € AJ". Set
V= /\w-(P,h)~(P1,R.A2)(6/>~ NOtiCng )\w'(]P’,h) (6) = )‘w~(]P’,h)-(IP’1,R.A2)(6) and
by definition of R? and A,”, we obtain v € A and (u,v) € RZ.

Let u € (3R.A1)%, that is, there exists v € AT with (u,v) € R. By
definition of RZ, there exist w - (P,h) € P and elements e, €’ € AY
such that (e,e’) € ij, Aw-ppy(€) = uw and Ay epy(€) = v. By
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Lemma 8 we obtain ¢’ € Aljp. Since J¥ is T-saturated, we have
~P
e € Ay’ . Therefore by definition of A,T we obtain u € A7,

A C —B. By contradiction, assume there exists v € AT N B%. By definition
of AZ, there exist w - (P,h) € P and an element e € A” such that
Aw-(p,py(€) = u. Lemma 8 applied on both concepts A and B ensures

ee (AN B)jﬂ), contradicting J* being T-satisfiable.

-BLC A. Let u € =Bf. By definition of AZ, there exist w - (P,h) € P and
an element e € A” such that Aw-@p(e) = u. Since u ¢ B we
have e ¢ B”. Since 7% is T-saturated, it gives e € A7, yielding by
definition u € AZ.

P C R. Let (u,v) € PZ. By definition of PZ, there exist w - (P,h) € P
and elements e,¢/ € A” such that (e,¢/) € P, Aw-ppy(€) = u
and Ay.(pp)(€) = v. Since J° is T-saturated, we have (e, ¢’) € RY.
Therefore by definition of RT we obtain (u,v) € RT.

R MR,y C L. Let (u,v) € Ry MRy%. By definition of RY, there exist w; - (Py, hy) € P
and elements dy, e; € A”" such that (dy, e1) € RY", Ay oy (1) =
and Ay,.(p, 0y (€1) = v. Similarly, by definition of R3, there exist a
pattern wy - (P2, hy) and elements do, €5 € AY? such that (do, e2) €
R}, Aws-(Pa,ho) (d2) = w and A,y hy)(€2) = v. In particular we have
/\wl-(P1,h1)(d1) = )‘wz-(lP’z,hQ)(dQ) and >]‘pw1-(ﬂm1,h1)(61) = )‘wz-(Pz,hz)(€2)' By
Lemma 9, we can add (dy,e;) to Ry ' while retaining 7T -satisfiability,
contradicting the fact that 7 contains Ry MRy C L. O

It remains to verify that there are no additional c-matches for ¢ in Z, that is,
no more than encoded in 9t*. The inherited tree-like structure of Z, along with
the specifications having to be preserved between linked patterns, ensures that if
a match 7 : ¢ — Z exists, then it is actually already taken into account in the
specification of the patterns from P. Therefore, if a match maps a counting variable
z onto an element of shape w - (P, h) in Z, we shall ensure that (¢, z — s), with
s either ® or ®, belongs to 9MF. This would contradict P being accepting. The
exact (stronger) statement is as follows.

Lemma 11. If 7 : r — T is a match of r C q, then for all w - (P, h) € P, we have
(r, ') € MF where 7' := (Ape.ny) " 0 M with A == 77 Ay (A7)).

Proof sketch. The full proof can be found in the appendix and proceeds by a breadth-
first induction on the pattern tree P to verify the statement holds for matches that
map in the intermediate interpretation Zy, obtained by piecing patterns until W,
that is restricting the union in the definition of Z to those elements w - (P, h) € P
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that are at smaller or equal to W w.r.t. a breadth-first ordering on P. This is
sufficient to prove our statement since any match mapping to the full model Z only
requires a finite set of facts ¢1,... ¢r, coming from the images of interpretations
3P ... 3% by some duplicating functions Awr-(Piohn)s - - - Mwg-(P,hy) - Licking Woas
the greatest such node w; - (P;, h;), with @ = 1,... k, w.r.t. the breadth-first ordering
on P, we obtain that our match of interest is already a match in Zy,.

At such a step W, we prove the desired property on the specification holds for
all patterns P occurring in some node w - (P, h) introduced prior to W. This is also

achieved by induction, but on the distance, in the pattern tree P, between W and
the node w - (P, h). O

The two latter lemmas yield the following, concluding the proof of Lemma 6.

Proposition 2. 7 is a model of K whose c-matches are included in those encoded
in IN*.

Proof. Modelhood follows directly from Lemma 10, itself based on Lemmas 8 and
9, while the number of c-matches is handled by Lemma 11. O]

3.3.3 Completeness: from models to patterns

We now turn to the proof of Lemma 7. We fix a model Z of I, and our task is to
construct an accepting initial pattern having the same number of c-matches as Z.

Let A* be the subset of A? consisting of all individuals in A and all elements
e such that e = 7(z) for some 7 : ¢ = 7 and counting variable z. Set I* := Zja~
and M* := (M7)ja-. Notice in particular that the number of c-matches for ¢
encoded in 9* is exactly the number of c-matches for ¢ in Z. We claim that
P* .= (0, A*, Z*, 9%, Id) is accepting.

To prove this, we shall build a set of patterns, whose every pattern P is not
trivially rejecting, i.e. P does not satisfy the base-case condition of a rejecting
pattern, and which is realized in Z, meaning that J°* homomorphically embeds
into Z. Observe that the initial pattern P* satisfies both conditions. To pursue
the construction, given any pattern P satisfying the two conditions and a head
h applicable to P, we show how to extract from Z another Q which satisfies the
conditions and which makes A hold for P. Since the number of patterns is finite,
every sequence of patterns constructed in such a manner either leads to a trivially
accepting pattern (i.e. one with no applicable heads) or loops back to an already
explored pattern satisfying the conditions. It follows that all patterns in the set
are accepting (in particular, P*).

To formalize the construction, we shall introduce along with each pattern P
a function 7 being a homomorphism J* — Z. Recall that for every R.A € Q, we
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have chosen a function succk , that maps every element e € (3R.A)? to an element
¢’ € AT such that (e,e’) € RT and ¢’ € AT,

Definition 33. Base case: the construction begins with the pair (P*,ldz-_7), where
ldz- .7 denotes the identity function.

Induction case: consider some already constructed pair (P1,71), and a head R.B
that is applicable to ey in P1. Since R.B applies to e, there must exist A € Nc such
that e € A7 and T = A C IR.B. Set ¢} := 1i(ey). Since 7y is a homomorphism
and T is a model of T, we obtain ¢} € (JR.B)? and can set €} := succk g(€}). If
e, € A*, then we set ey := €}, otherwise we set ey to either © or ® such that
€1 7& €o.

We now define a new pattern Py. Its frontier is ey and its generated term is es.
Its interpretation is given by:

" = T U{ep| e, e CTk=1,2}
P72 = PT U{(ey,e;) | T =REP}
U{(ez,e1) [T ER™ EP}

Its specification is (M) aruger ey} in which €} (resp. €5) has been replaced by e,
(resp. e3). Its prediction maps a head h to the value of succk(ey) if it is defined,
else to h. Finally, we let 7o be the function that maps elements of A* to themselves,
e1 to €] and es to ey. We obtain a new pair (Py, 15).

Example 14. In the model Z. from Example 8, depicted in Figure 3.6, we can
set succie ,,(a) := ay (other choices of successors are unique), and then apply the
preceding construction to obtain the accepting patterns from Example 12. Figure 3.12
illustrates where these patterns are realized in I.. A same pattern can be realized
several times, e.g. P5. Patterns P, and P{, wllustrate how a loop in the original
model unfolds as two patterns. In their specifications, notice the partial matches
(y2,2) = (©,@) and (ya, 2) — (®, ®) wilnessing this loop that can not be retrieved
in their respective interpretations.

Recalling that Z is a model, of K it is then straightforward to verify that Py is
a well-defined not-trivially-rejecting pattern, satisfying P, € Lg% , and that 7 is

indeed a homomorphism. These properties are verified by the next two lemmas.

Lemma 12. Fach pair (P, 1) built according to Definition 33 yields consists of a
well-defined and non-trivially rejecting pattern P and a homomorphism 7 : J* — T.

Proof. The base case consisting of verifying that P* is non-trivially rejecting is
trivial, and Idz«_ 7 is indeed a homomorphism.

We move to the induction case: assume (P, 71) is obtained by the described
procedure with P; a well-defined and non-trivially rejecting pattern and 7 : J%* — 7

62 Q. MANIERE



3. Counting Conjunctive Queries

@(al) Pi ~

Pl Phy

(A
A @f‘\ © /@Y
/N L

$o Re

{, )

/ S
®(@2) @ (@) NO) 5/(;‘) ®B)
N/ AN

o '3 Pe \ /
\?@\ 7/ = T o

©
Q
N
~
a3
N

Figure 3.12: Patterns from Example 12 as realized in Z,. An edge (u(¥,?)

label p indicates there exists a built pair (p,7) such that 7(u) = a and 7(v)

with
=b.

a homomorphism. Let R.B an existential head that applies on e; in P; and consider

the pair (IPy, 72) obtained by applying Definition 33 on (P, 1) for this head.

We first verify that 75 is a homomorphism:

- Let u e A", If u € AZ", then in particular u € A* hence m(u) = u € AT C

AZ. Otherwise, u = e for k = 1 or k = 2 with e}, € AZ. In that case, notice
To(u) = €}, which concludes.

Let (u,v) € P72 If (u,v) € PT", then in particular u,v € A*, hence
(1o(u), 2(v)) = (u,v) € P C PI. Otherwise, if (u,v) = (e1,eq) with
7 E R C P, then notice that (m(u), 72(v)) = (€, €,). Since €} is the
successor of €] for R.B in Z, and Z models T, we obtain (e}, ¢,) € PZ as
desired. Otherwise we have (u,v) = (e, e1) with 7 = R~ C P, then notice
that (12(u), 72(v)) = (€], €}). Since ¢} is the successor of €] for R.B in Z, and
7 models T, we have (e}, €}) € PT as desired.

We now verify that P, is a well-defined pattern.

- The frontier e; and the generated term e, of Py are elements from A*U{®, ®}.

- The interpretation J%2 is T-satisfiable as it embeds by 75 in Z being a model

of 7. It is T-saturated since concepts and roles on Z* are fully preserved
as they come from the model Z. The additional concepts on e; and ey are
also all preserved from those on €] and e},. The additional roles between e,
and e are all defined as induced by R(ey, e5) which ensures this edge is also
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saturated. Finally, it indeed preserves Z*: this is trivial for concepts, and for
roles it suffices to verify that €} and €}, cannot be both elements of A* (hence
no new role fact). Since €}, e, € A* would contradict R.B being applicable on
e; = €} since eg = €}, is the R.B successor in Z, this case is indeed excluded.

- Restrictions of induced specifications are coherent, hence 92 is indeed
coherent. It is a technicality to verify that ((mI)|A*U(T2)_1({e/1,e/2}))|A* _
(OM%)|a+, which proves (9F2) o = MM*.

- Let R;.B; and Ry.B; be two heads such that 7 = R; MRy L. By definition
of nexty, if it maps R;.B; and Ry.Bs to the same element, then the successors
of €} for these two heads in Z are equal, contradicting Z being a model.

The fact that Py is not trivially rejecting is immediate as its specification is a
restriction of the induced specification of Z, which doesn’t contain pairs (g, 7) with
7 mapping outside A* (that is precisely the definition of A*). O

Lemma 13. In the induction step of Definition 33, we have Py € LE-B

P1,e1°

Proof. We verify P, € LE2 by checking each condition from Definition 30.

P1,e1
1. fe* = {e;} and gen™ = {e,} are indeed singletons.

2. Py can either be the initial pattern or a non-initial one. In both cases, the
concepts satisfied on e; in P; are inherited from those on e}. Since it is also
the case for Py, this condition holds.

3. Py can either be the initial pattern or non-initial one. In both cases, the
specification is the induced specification of Z restricted to the domain of J%.
We directly have the desired equality as both e; (seen in P; and Py) comes
from the same €.

4. This condition matches the definition of J%2.

5. A violation of this condition would imply that €] is the successor of €, for a
head incompatible with h, which would contradict Z being a model.

6. This follows from the fixed choice of successors in Z. O

3.4 Countermodels with bounded size

In this section, we prove that starting from a model with a minimum number of
counting matches, we can construct such an optimal model whose size is polynomial
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w.r.t. data complexity, double-exponential w.r.t. combined complexity, and single-
exponential if the size of the CCQ ¢ is fixed (see further Theorem 8). Although this
result doesn’t allow us to improve upon our previous 2EXP algorithm for answering
CCQ over ALCHZ KBs w.r.t. combined complexity, it does immediately yield the
following result for data complexity:

Theorem 7. CCQ answering in ALCHZL is in coNP w.r.t. data complexity.

We further refine the construction in the case of DL-Litecoe to obtain an optimal
model with exponential size, which yields a coNEXP procedure w.r.t. combined
complexity.

3.4.1 Equivalence relation based on neighbourhoods

To obtain optimal models of bounded size, we start from the f*-interlacing Z' of
an optimal model Z. It remains to merge elements of Z’ to obtain a model of the
required size. To identify similar elements, we define a notion of neighbourhood.

Definition 34. Consider an interpretation M and an element ¢ € AM. Its
n-neighbourhood N:MA2 (¢) w.r.t. a subdomain A C AM is defined inductively as:

N()/"IA (c):={c} R .
N (o) :=W7A<c>u{e‘3d€ M)\ A, }

3R € NZ, (d,e) € RM

Observe that we stop adding successors when we reach A. In particular, for
c € A, we have N2 (c) = {c} for every value of n. It follows that the statement
‘e € NMA(cy) iff ey € NMA2(c;) does not hold in general.

Recall that the definition of AT ensures that any ¢ € AT \ A* is actually an
element of A° and therefore we have ¢ = aw for some individual name a and word
w € 2. The tree-shaped structure of A° ensures that for all n, there exists a unique
prefix r,, . of aw such that (i) f*(r,.) € NZ**"(c) and (i) for any d € NZ"2"(c),
there exists a unique word w¢ , such that d = f*(ryc - wg,).

This leads us to characterize the n-neighbourhood of an element ¢ € 7’ via the
following function Y, ., whose domain €2,, is the set of words over 2 with length
< 2n. Notice that, departing from Kostylev and Reutter [2015], we keep track
of sets of satisfied concepts, in order to handle conjunctions of concepts in the
left-hand sides of axioms.

Xne : $y = AU 258(T) U {()}

0 if f*(7y, - w) undefined
w ¢ [ (rpe-w) if f*(rpe-w) € A

{A esig(T) | f*(rn. -w) € AT} otherwise

We can now introduce the equivalence relation we use to merge elements:
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Definition 35. The equivalence relation ~, on AT is defined as follows: an
element e € A* is ~,-equivalent only to itself: elements cy,cy from AT \ A* are

~n-equivalent iff wyl . = W2, Xney = Xneps and |c1] = |ca| mod 2|q| + 3.

We obtain a finite model of the required size by merging elements with respect
0 ~jg|11-

Theorem 8. The interpretation J := I’/N‘q|+1 is a model of KC that has at most
as many c-matches for q as L. Its size is polynomial w.r.t. data complexity, double-
exponential w.r.t. combined complexity, and single-exponential if the size of the

CCqQ q is fized.

Proof sketch. The key to proving that the number of c-matches does not increase as
a result of the quotient operation is to exhibit suitable local homomorphisms. Indeed,
a match of ¢ in J maps each connected component C' of ¢ into a |g|-neighbourhood

/\/|;7|’A* (¢), where ¢ denotes the equivalence class of ¢ w.r.t. ~jq;1 and A* stands for

the set {€ | e € A*}. By exhibiting a homomorphism p, : ./\/'|‘q7"A* (¢) — ./\/]Z’A*(c)
such that p;}z(E) C A*, we can find a match of C' in Z’. Such matches for ¢’s
connected components together form a match of the full ¢ in Z’. It is mostly
straightforward to show that J is a model, except for negative role inclusions,
where the homomorphisms p,. are needed to move violations of Ry MRy C L in J
back into Z’. The claimed upper bounds are obtained by analyzing the size of J
(i.e. counting the equivalence classes in A7), keeping in mind that due to Lemma 3,

we may assume that |A*| < [Ind(A)| + |g| (|Ind(A)| + 3|7 2/71)ldl, u

Example 15. To illustrate this construction, consider the ABox A, = {A(a),B(b)}
and the ELHT, TBox T.:
AC3P.A BC3JdQB A'MB' C A, A'CD B'CD
AyC3R1.A; A;C3JR.Ay Ay CJR3.A; A3 C3S.By By C 3IV.Bj
By C JU.Cy UCV CoCIV.C; CyE3IVy.Cy CyEFVsD
Our example KB is K. := (T., A.). Figure 3.13 depicts several model of IKC.. A
countermodel Z, for the CCQ q. := 32 D(z) and integer 3 is depicted on Figure 3.13a.

A part of the ld-interlacing of L. is depicted on Figure 3.13b (a tree-structure
similar to the one following the P-edge issued from a also follows the Q-edge issued
from b).

The corresponding part of the f*-interlacing of L. is depicted on Figure 3.13c.
Like the initial model L., it 1s a countermodel for q. and integer 3. Two neighbour-
hoods NQI/’A*(fy) and J\/'QII’N((S) are depicted (in green, resp. blue). In particular,
notice a ¢ N %" (8) since a € A*.

Finally, the model J, obtained by merging elements of the f*-interlacing of Z.
according to ~s s depicted in Figure 3.13d, together with two 2-neighbourhoods
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./\/;?75’A (7) and ./\/"7‘3’ (6). Notice J, remains a countermodel for q. and candidate
integer 3.

The remainder of this subsection is devoted to a proof of Theorem 8, that is,
proving 7 is indeed a model and contains at most as many counting matches as Z'.
Let us first formulate two remarks concerning the constructed interpretation .

Remark 13. The set of concepts from sig(T) satisfied by ¢ € AT is ezactly

Xn.c(Wy, o). Therefore, if ¢ ~, ¢, then ¢ and ¢ satisfy the same concept names.

Remark 14. If c ~, ¢, then ¢ ~,, ¢ for any m < n.

We now define homomorphisms p., mentioned in the proof sketch, inductively
on N?7%" (¢) with k increasing from 0 to |g|. Figure 3.14 summarizes the structures
and mappings involved in the construction. Starting from the element ¢ € N(;7 ’F(E),
we can naturally carry it back as p.(¢) = ¢ € N, I/’P( ). Assume now that we have
defined p,(d) for some d € N7-2"(¢) and that we are moving further to an element
€c /\/;‘Zr’l (¢) along an edge (d, ) in J. In the case of € ¢ A*, the following lemma
produces a candidate p.(€), namely ¢, which is to p.(d), namely d', what € is to d.

Lemma 14. Given two elements d,e € A7\ A%, if there exists a role P from N§
such that (d,€) € P, then there exists a unique element R.B € Q such that one of
the two following conditions is satisfied:

edge’. |e| = [d|+1 mod 2|q| + 3, wi,, = wﬁ;\,d ‘RBand T=ERLCP.

Furthermore, for all d ~y, d, the element €' := d' - R.B belongs to AT and
satisfies € ~_1 €.

edge”. |d| = |e|+1 mod 2[g| +3, wi,, ;= w -RBand T ERCP.

Furthermore, for all d' ~y, d, we have €' such that d = ¢’ - R.B and the prefix
e satisfies ¢/ ~p_1 e.

Proof. Notice the two conditions are mutually exclusive: |e| = |d|+1 mod 2|g|+ 3
and |d| = |e|]+1 mod 2|g|+3 would imply 0 = 2 mod 2|g|+ 3, which is impossible
as 2|q| + 3 > 2. Furthermore, in each case R.B is defined as the last letter of the
word w4, (resp wff” 1, ;) which is unique and does not depends on the choice of
e (resp d) nor on P. This proves the uniqueness.

We now focus on the existence and the additional property. From the definition
of P7, there exist (dy,eq) € P such that dy = d and &5 = €. Recall d,e ¢ A,
hence do, ep ¢ A*. In that case the definition of f’ ensures the only antecedent of
dy (resp eg) by f is itself. Therefore the definition of P, that is o(P%), yields two
cases:
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Figure 3.13: Models from Example 15.
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Existential extraction A°

Countermodels | _ . . . 3
' Initial countermodel Interlacing ~ Reduced interlacing .

Figure 3.14: Models, domains, and mappings involved in Section 3.4.1.

- We have ¢y = dy - R.B with 7 = R C P. It follows that |eg] = |do| + 1

mod 2|q| + 3 and wi,, = wlfff'H_LdO - R.B, immediately yielding the same

properties for d and e as (do, ) = (d,€).

Let now 1 < k < |¢q| + 1 be an integer and d' ~j d. Transitivity gives
d' ~y dy, and we have in particular x; o = X4, and w,@ljd, = w,‘i‘fdo. Recall that
ep = do-R.B, hence we have Xk:,do(wg?do -‘R.B) # 0, hence x4 a (w,f:d, ‘R.B) # 0,
that is d’ - R.B is well-defined.

Notice it is now sufficient to prove d’' - R.B ~;_1 eo: that is because € = e,

hence transitivity will conclude the proof. It should be clear that wg/_'PfJE_R.B =
wy? ., and |d'- R.B| = |eg| mod 2[q| + 3. Hence we are only left proving

that Xx.e, = Xk,aR.B-

First, ey = dy - R.B ensures that xy 4, fully determines x;_;.,. Moreover,
. . e d"-R.B
Xk,q fully determines x,_1,4.r.B. But since x4, = Xk and wkf’do = Wi g

we obtain: Xi.e, = Xk,dRr.B, concluding the proof.

- We have dy = ¢y - R.B with 7 = R~ C P. It follows that |dy| = |eo| + 1

mod 2|¢| + 3 and w‘cf]"‘ﬂ do = Wigl+1-1¢, - R-B, immediately yielding the same

properties for d and e as (dy, &) = (d,€).

Let now 1 < k < |q| + 1+ 1 be an integer and d' ~j d. Transitivity gives
d ~y dp, and we have in particular w‘l’l:d, = wiodo = R.B (very important to
have k > 1 here!). That is d’ ends by R.B, and therefore we can indeed have
prefix ¢’ such that ' = ¢’ - R.B. H

Notice the “strength” of the equivalence relation ~ between € and p.(€) decreases
as we move further in the neighbourhood of ¢. However, since we start from
pe(€) := ¢ ~|q+1 ¢ and explore a |g|-neighbourhood, the index remains at least 1.
This is essential as ~; encodes relations to elements of A* as the next lemma shows.
It allows in particular to treat the case of € € A*.

Lemma 15. If (d,€) € R7 for some e € A*, and if d' ~1 d, then (d',e) € R,
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Proof. Recall that since ¢ € A* we have @ = {e}. The definition of RY and
further of R%' provide dy, ey € A° such that: f*(dy) = d, f*(eo) = e and satisfying
(f*(do), f*(eo)) € RT from one of the following three cases:

- (f*(do), f*(eo)) € RT". In particular f*(dy) € A*, hence f*(dy) = d = d'.
Therefore (d',e) = (f*(do), f*(eo)) € RT.

-e = do-PBwith T =P C R. If f*(dy) € A*, then we again have
f*(dy) = d = d' immediately yielding (d’,e¢) € R*. Otherwise we have
X1,f* (dO)(w{f( (cho)) P.B) = f*(eg) = e. But since f*(dy) ~1 d ~1 d’ we have

’ d,
Xl d = Xl f*(d()) and wid/ = w{f(*(()d) ) Therefore €= Xl,f*(do)(wl Jf* (d P B)

X1 d/(w1 @ P B) = f*"(ria - w1 @ P B). Recalling that d = f*(r e - w‘id,),
we hence obtain (d',e) = (f*(ria - wid,), [ (ria - w1 s - P.B)) € P C R,

-dy = e -PBwith T =P LC R™. If f*(dy) € A*, then we again have
f*(do) = d = d’ immediately yielding (d’,e) € R*. Otherwise the 1-root of
[*(do) = dy is eg and w{; = P.B. We thus have: X1 s+, (€) = f*(eq) = e
(where € denotes the empty word). But since f*(dy) ~; d ~; d’, we have
X1, = X1,f*(do) and wlld, = w{ ;. Combining the preceding facts, we obtain
(d.e) = (f*(ra - wiy),xia() = (f(ria - PB), f*(rna)) € P)F C
RI/. ]

It remains to free ourselves from the particular choice of d, which is likely not to
be the only element of N'7*2"(¢) connected to €. Taking a closer look at Lemma 14,
we observe that p.(€), that is €, is obtained either by adding a letter to p.(d), that
is d’, or by removing the last letter of p.(d), and that these letters coincide with
those in the suffixes of elements d and e. Therefore, when moving from ¢ to € and
ignoring self-cancelling steps, each added letter must appear in the suffix of e and,
similarly, each removed letter must appear in the suffix of c.

The challenge is therefore to quantify the number of additions and removals
to build p.(€) directly from ¢ and €. The next definition captures the relative
difference of letters between ¢ and €, encoded in |c| and |e| mod 2|q| + 3.

Definition 36. Let ¢ € A7 and n < |q|. The relative depth of € € NJ2(€) from
¢ is the integer 0z(€) € [—n,n] such that |e| = |c| 4+ dz(€) mod 2|q| + 3.

Remark 15. By induction on n < |q|, it is straightforward to see that 6(€) is well
defined. Unicity is ensured by 6z(€) < n < |q|. A consequence of Lemma 14 is that
for the smallest n < |q| such that e € N:J*"(¢) we have 6z(¢) =n mod 2.

We can now identify how many additions and removals cancelled each other.
Indeed, if it takes n steps to reach € from ¢, with relative difference of § := d:(€),
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then n —|d] is the length of the self-cancelling path, hence: "%w cancelled additions

and "%w cancelled removals. Therefore, the actual number of additions is "%w +90
if 0 >0, or "%w if 6 <0, that is in both cases "TM. Similarly we obtain "T"s for

the actual number of removals. The next theorem formalizes all these intuitions:
Pnc(€) (in non-trivial cases) is obtained by removing the 2= last letters of ¢ and
keeping the ”TJ“‘S last letters from the suffix of e. It is then a technicality to verify
these syntactical operations on words make sense in the domain of 7.

Theorem 9. For all c € AY and all n < |q|, the following mapping:

- Pn—1,c(€) ife e N2 (@)
* ! * . —
Pne(®) s NTAT(@) = NEA(0) e—< e ife e A
Tn-se@ Wis 2 otherwise
—F, Tc’e

is a homomorphism satisfying pp.c(€) ~|g4+1-n € and p;lc(E) C A~

Proof sketch. The full proof can be found in the appendix and proceeds by induction
on the radius n of the considered neighbourhood. In the induction step, the two
cases highlighted by Lemma 14 arise and allow us to verify each considered element
in the definition of p,, . is indeed well defined as an element of Z'. O

Let us now complete the proof of Theorem 8 with Theorem 9 in hand.

Proof of Theorem 8.

Modelhood. We first prove that 7 is indeed a model by considering each possible
shape of assertions and axioms:

A(a). Since T’ is a model, we have a € AT". Therefore, the definition of A7
givesa=a¢c A7,

P(a,b). Since I’ is a model, we have (a, b) € PZ'. Therefore, the definition of
P7 gives (a,b) = (a,b) € P7.

T C A. Let u e T7 = A7. By definition of A7, there exists ug € AZ such
that Ty = w. Since up € T and 7' is a model, it ensures ug € AT,
Therefore the definition of A7 gives u = ug € A7.

A M Ay T A. Letu € (A;MAy)Y. By definition of Ay and Ay, there exists u; € AY
and uq € Ag/ with w; = us = u. Remark 13 ensures u; and uy satisfy
the same concepts, that is in particular u; € (Aq M AQ)I/. Since 7’
is a model, it ensures u; € A7, yielding by definition of A7 that
u=1u; € AJ.
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A; CJR.A,. Let u € A*17. By definition of A7 there exists uy € Alz, with
Ty = u. Since 7' is a model, it ensures there exists vy € AQII with
(ug,v9) € RY. By definition of AyY and R7, the element v := T
satisfies both v € Ay, and (u,v) € R7, that is u € (FR.Ay)7.

JR.A; C A,. Let u € (3R.A;)7, that is, there exists v € AY with (u,v) € R7. By
definition of Ay and R7, there exist (ug,vo) € RY and v; € AT such
that g = u and vy = 77 = v. Remark 13 ensures vy and vy satisfy
the same concepts, in particular ug € (3R.A;)*. Since Z’ is a model,
this ensures 1y € A, yielding by definition of AJ that v =g € AY.

A C —B. By contradiction, assume u € AY N BY. By definition there exists
v € AT and w € BY with © = @ = u. Remark 13 ensures v and w
satisfy the same concepts, contradicting Z’ being a model.

-BLC A. Let u € =BY. By definition of A7, there exists v € I’ such that
T = u. Since u ¢ B7, we have v ¢ BY'. Hence Z’ being a model gives
v € A, yielding by definition u =7 € A7.

P C R. Let (u,v) € PY. By definition of P/ there exists (ug,vo) € P such
that g = w and Ty = v. Since Z' is a model, it ensures (ug, vg) € R7,
hence (Ug, Vo) = (u,v) € RY by definition of R7.

Ri MRy C L. By contradiction, assume one can find (u,v) € (R; MRy)7. By def-
inition of RY and Ry, there exists (u1,v;) € RY and (ug,vs) € RY
such that u; = us = v and 17 = v = .
If uy,v; € A*, then, each element from A* being alone in its equiv-
alence class, we have u; = us and v; = ve. In particular it gives
(u1,v1) € (Ry MRy)*, contradicting Z’ being a model.
Otherwise say u; ¢ A* (the case of v; ¢ A* is symmetrical), hence
U1 €M, 1‘7 o (u71). Theorem 9 gives a homomorphism from N, 1‘7 A (1)
to N2 (uy). But since (ur,71) € (Ry MRy)Y, we obtain a contra-
diction with Z’ being a model.

Number of c-matches. We now prove [J contains at most as many matches as
7' by building an injection from matches in 7 to matches in Z’. Assume we have a
match 7 : ¢ — J. Consider the set of variables v, := {v | v € yUz, 7(v) ¢ A*}. Let
C denote the set of connected components of v, in g, (that is the query obtained
by keeping only those atoms containing variables from v, ). For each connected
component C' € C, choose a reference variable vo € C. Since 7 is a homomorphism

and |C| < |q|, every variable v € C satisfies w(v) € ./\/’li’y(ﬂ'(vc)). Let do € AY

denote your favourite representative for the class of 7(v¢) (that is do = 7(ve)).
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From Theorem 9, we have a homomorphism p¢ : M‘;’P(W(Uc)) — ./\/'lg;’A*(dc).
Using these pc, one per C' € C, we define:

m:xUyUz — AT
pc(m(v)) ifveC CeC
v {e if 7(v) =e€ A*

Since each p¢ is a homomorphism (again Theorem 9), we can check the overall 7’
is also a homomorphism:

- Consider A(v) € ¢q. If v € C for some C' € C, then pc being a homomorphism
gives '(v) € AT, Otherwise 7(v) =€ € A*, but since 7 is a homomorphism
we have m(v) € A7. Since € = {e} and by definition of A7 it ensures e € AT,
that is '(v) € AZ

- Consider R(u,v) € q.

- If both 7(u), 7(v) ¢ A*, then we can find C € C such that u,v € C, and
then we use p¢ being a homomorphism.

- If both m(u), 7(v) € A%, then the definition of R7 provides (ug, vo) € RY
with @y = 7(u) € A* and Ty = w(v) € A*. Hence ug = {ug} and
To = {vo}, which gives (7'(u), 7'(v)) € RY.

- If 7(u) ¢ A* and 7w(v) € A*, then we have 7'(u) = pc(m(u)) for
some C' € C. Theorem 9 ensures 7’'(u) ~; mw(u), and since 7 is a
homomorphism, we also have (7(u), 7(v)) € R7. Therefore we can apply
Lemma 15 and we obtain (7’(u), 7'(v)) € R

In particular, 7’ is a match, hence 7/(z) C A*. Using property p;'(A*) C A* for
each C € C, provided by Theorem 9 along with definition of 7/, we obtain that
7(z) € A*. Since pia= = Id, we have that the application 7, — 7T|’z is injective.
Therefore J contains at most as much matches as Z' does.

Size of the model. Finally, an equivalence class d is characterized by: |d|
mod 2|¢| + 3, that is one equivalence class among 2|q| + 3 possible classes; wﬁll L
that is a word over an alphabet with at most |7| symbols and a length at most
lq| +1; and x|g+1,4, that is a function from words over an alphabet with at most
/7| symbols and length at most 2|g| + 1 to a set with size at most |A*|+2/s&(T 4 1.
Therefore, the number of possibly different equivalence classes, that is |[A7|, is
at most (2|g| 4+ 3) x [T]19%2 x (JA*|+2/5eT] 4 l)mm‘”. Recalling that Lemma 3
allows us to assume |A*| < [Ind| + (|Ind(A)| + 3|7 2/71)l9l|q|, we have the claimed
bounds for the size of 7, which concludes the proof of Theorem 8. m
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3.4.2 DL-Litecy.: simpler neighbourhoods

In this section, we refine the preceding construction of optimal models with double-
exponential size to the case of DL-Lite, KBs, in which models with single-
exponential size can be obtained, yielding the following complexity refinement.

Theorem 10. CCQ answering in DL-Litecye is in cONEXP w.r.t. combined com-
plexity.

The key idea is to explore a more restricted notion of neighbourhoods, yielding
in particular exponentially smaller neighbourhoods that are still sufficient to capture
the counting matches in the quotient model. To do so, we recall the definition of
interleaving as first introduced in Kostylev and Reutter [2015], which starts from
the canonical model rather than from the existential extraction we designed for the
ALCHT case. Let us also recall that for every DL-Lite’! . KB K, it is well-known
the set of concept names M occurring in an element w-3JR.M € A% of the canonical
model of K contains exactly those concept names entailed by the concept R~
[Calvanese et al., 2007b|. We will hence omit such sets of concept names M for the

remainder of this section. Let us also fix a DL-Litecoe KB K = (T,.A4) and a CCQ
q.

Definition 37. Let Z be a model of K. We recall A* denotes the subset of AT
containing Ind(A) and the images of counting matches of q inZ. Let f:Cx — T
be a homomorphism from the canonical model of IC to I. The interleaving I’ of a
model T is the image of Cxc by the function f° defined as follows:

oA o AT (A% AY)
o {f(w) if f(w) € A

w otherwise

Remark 16. The interleaving function f° is essentially the same function than
the interlacing function f* as used in Definition 23, where A° is replaced by ACF.

While interpretations of roles in interleavings and interlacings are defined in
a similar manner, that is purely syntactically w.r.t. the domain elements, there
are two differences we need to stress. First, only concepts entailed by JR™ are
satisfied by an element w-R in the interleaving. This is in contrast with interlacings
in which an element w - R.M satisfies all concepts satisfied by f(w - R.M) in Z.
Second, the interleaving inherits the parsimonious introduction of fresh elements in
DL-Litecye canonical models, ensuring it also satisfies the following lemma.

Lemma 16. For any role R € N§ and anonymous element dy in the canonical
model Cx of K, there is at most one element dy € Cx such that (dy,ds) € RE<.
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Proof. From the definition of R*, if d; is an anonymous domain element and
(dy,dy) € RE%, then either:

- dy = dy - S™ for some role S such that 7 =S C R, or
- dy = d; - S for some role S such that 7 =S C R.

In both cases, since T is a DL-Lite.e TBox, the condition on S holds only if
S = R. Moreover, we observe that if the first case holds, i.e., d; = dy - R™, then
the definition of A’* prevents the creation of an element d; - R. It follows that
only one of the preceding cases can hold, and so there can be at most one dy with
(dy1,ds) € RE%. O

Repeated applications of Lemma 16 ensure that each partial match of a query
q in the non-A* parts of interleavings can be completed uniquely in a maximal
such partial match (see further Lemma 17). This motivates a refined notion of the
neigbhourhoods of an element ¢, restricting the (usual) neighbourhood to those
elements e that can be reached by a match of some connected sub-query of ¢
involving both ¢ and e.

Definition 38. Consider an interpretation T and an element ¢ € AL. Its n-core-
neighbourhood NTA (c) w.r.t. a subdomain A C AT is defined as:

ra0) = {0

0,core

dp C q connected
7,A . )
Noftcorel€) = qe | Imip = Tza )\ ayuge match
c,e € m(terms(p))

Remark 17. By contrast with previous neighbourhoods, core-neighbourhoods are
query dependent. Furthermore, since the subquery p must be connected, the inclusion
NZEA (¢) € NEA(e) is straightforward.

n,core

The central property allowing core-neighbourhoods to improve our construction
is the following polynomial bound on their size in interleavings.

Lemma 17. Let T be a model of K and I° its interleaving. Consider ¢ € AT \ A*,
then ‘/\/'Ib’N(c)‘ <> (7] + 1).

n,core

Proof. Let ¢ € AT \ A* We proceed in two steps. We first prove that the number

of elements in NfbcoAre (¢) \ A* is at most |¢|*. In a second step, we notice that each

clement e € NZ:47(¢) N A* must be connected to an element d € NZ:27(¢)\ A* by

n,core n,core
construction of the core-neighbourhoods. However, by construction of interleavings,

each such element d is connected to at most |T| elements (a property directly
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inherited from anonymous elements of the canonical model), and we know from
the first step that there are at most |q|2 such elements d. This ensures there are at
most |g|” - |7 elements in e € Nfiﬁ;(c) N A*, hence the claimed total bound of
lal* +lal* - |1 = la*(1T] + 1)

Henceforth, we focus on the first step. We start by proving that if the connected
subquery p C ¢ and the term %y that shall map on c¢ are fixed, then all matches
D — Z‘( NS (\A) indeed mapping ¢y on ¢ are equal. Consider two such matches m,
and my. We proceed by induction on the terms ¢ of p being connected. For ¢ = ,
we have 71 (tg) = ma(to) by definition. For a further term ¢, we use the induction
hypothesis, that is the existence of an atom R(t',t) € p (or the other way around)
such that (') = mo(t’). Recall m; and 7, are matches for p in Ly NEA(o)\ Ay I
particular m(t'), mo(t') ¢ A*, hence we can apply Lemma 26, yielding () = m2(t).

This proves that, for a fixed ¢ty € terms(q), each connected subquery p C ¢
admitting a match in I‘ WTA(0)\ A defines at most |p| new neighbours, but also
that if p C p’ C ¢ are two such subqueries, then the neighbours defined by p are
subsumed by those defined by p’ (the restriction to the terms of p of the unique
match of p’ mapping tg on ¢ must coincide with the unique match of p mapping ¢
on ¢). Still for a fixed tg, consider now two connected subqueries p1, ps C ¢, each
admitting a (unique) match 7y resp. mo, to II WIA ()| A* mapping ty to ¢, and each
maximal, w.r.t. the inclusion, for this property. By the previous property, we know
m and 7o coincide on terms(p;) N terms(py). Therefore, p; U py admits a match
I‘( NEBo(0)\ A mapping ty to ¢, being m U my. But since p; and p, are assumed
maximal for this property, we must have p; = p».

Therefore, for a fixed t; € terms(q), there is a unique maximal connected
subquery pmax € ¢ admitting a match in I‘ WZA ()| A% and mapping ty to c¢. As
previously seen, the neighbours defined by p,,.. subsume those defined by other
such subqueries, and since the match for pp.x is unique, it defines at most |g|
neighbours. This holds for each possible choices of term t(, hence a total number
of possible neighbours bounded by |q|2 as claimed. ]

As for the general ALCHZ case, this leads us to characterize the n-core-
neighbourhood of an element ¢ € 7’ via a subset Yo of Q,, (we recall €, is the
set of words over € with length < 2n) and by the following function x, ..

Xnye : Zne — A*U{D}
1] if fb(rmcw) ¢ A*
we { fb(rmcw) if fb(rmcw) e A*

Notice Lemma 17 ensures the set ¥, . has size at most |¢|*(|7] + 1), that is
polynomial, while we kept track of the full Q,, in the ALCHZ setting. This will
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ensure that the following equivalence relation, used to merge elements, only admits
an exponential number of equivalent classes.

Definition 39. The equivalence relation ~2 on I’ is defined as follows: an
element e € A* is ~,-equivalent only to itself; elements ¢y, co from AT \ A* are

~i-equivalent iff wyl, = WL, Xnen = Xnerr Smer = Smes, 0nd |e1] = e
mod 2|¢| + 3.
We obtain a finite model of the required size by merging elements with respect
to Ncore .
lq|+1

Theorem 11. The interpretation J = I"/rvﬁ]”lﬁfl 1s a model of K that has at
most as many c-matches for q as L. Its size is polynomial w.r.t. data complexity,

simply-exponential w.r.t. combined complexity.

Proof. Modelhood is known from Kostylev and Reutter [2015], but can also be
easily verified based on the DL-Litecye subparts from the proof of Theorem 8.

To obtain an injective mapping of counting matches of ¢ in J to counting
matches of ¢ in Z°, one follows a similar proof strategy to the one used in Sec-
tion 3.4.1, building homomorphisms from core-neighbourhoods in the quotient to
core-neighbourhoods in the interleaving. We shall not go into the full details, but
instead mention a significant point. In the proof of Theorem 9, one can verify the
image of inductively built homomorphisms p,, . belongs to the n-core-neighbourhood
(and not simply to the usual n-neighbourhood!). Indeed, when building the im-
age of an element € belonging to N4 (¢), hence being reached by some match

n,core
Tip— j‘ WIEE @\E)U ) the resulting element p,, .(€) is reached by the match

e O p— I . , ensuring p, .(€) belongs to NIZA().
Pre®T 2P0 Snaar o\anue B Puc() belongs to N, cie (¢) B
Finally, regarding the size of J, we remark that an equivalence class d is now
characterized by: |d| mod 2|q| + 3, that is one equivalence class among 2|q| + 3

possible classes; wﬁ” +1,4> that is a word over an alphabet with at most |7| symbols
and a length at most |q| + 1; X+ 1.4, that is a subset, with size at most |g|*(|7]+1)
(Lemma 17), of the exponentially large set €2,,; and x|q/+1,4, that is a function from
a set with at most |¢|*(|7] + 1) elements to a set with at most |A*| 4+ 1 elements.
Therefore, the number of possibly different equivalence classes, that is |A7], is at
most:

(2]q| + 3) x [T]l9+2 x (|7-|2|q|+3)|q\2(\7|+1) x (|A*] + 1)Iq|2(|TI+1)'

Recall Lemma 3 allows to assume |A*| < [Ind| + (|Ind(A)| + 3|7 2!7Hl9|q|, we have
the claimed bounds for the size of J, which concludes the proof of Theorem 11. [
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We conclude this section by closing an open question regarding UCQ answering
over DL-Lite.oe KBs with closed predicates. This problem is known to be coNEXP-
hard from Ngo et al. [2016], but, to the best of our knowledge, no matching
upper bound has yet been found. We hereby close this question by showing our
construction easily adapts to this related setting.

Theorem 12. (Boolean) UCQ answering over DL-Lite.oe KBs with closed predi-
cates is 1 coNEXP w.r.t. combined complezity.

The proof follows from the following remark, which states that our construction
still holds for subqueries p of the original CCQ ¢ as long as the counting matches
for p are already captured by the set A* defined to handle g. Notice this condition
has no chance to hold in general, as being a subquery makes p “easier” to map in a
model than q.

Lemma 18. Consider a DL-Litecoe KB (without closed predicates), a CCQ q and
a model T of IC. Let J be the model with polynomial size w.r.t. data complexity,
simply-exponential size w.r.t. combined complexity, obtained in Theorem 11. We
recall that A* contains the individuals from Ind(A) and the elements reached by
counting matches of q in the original model Z. Consider a sub-query p C q. If the
counting matches for p in T are also contained in A*, then the model J has at
most as many counting matches for p as T.

Proof. This follows from the various homomorphisms connecting the intermediate
models, and by A* being preserved all along the construction. O

We can now prove Theorem 12.

Proof of Theorem 12. Let Q(x) := U._, qx(x) be a UCQ and K := (7,3, A) a
DL-Litece KB with closed predicates. Without loss of generality, we can assume
that x = (), that is ) is Boolean, and that no existential variable occurs in two
distinct CQs gx. Consider the Boolean CCQ ¢ := /\2:1 qr in which all existential
variables have been replaced by counting variables. If a countermodel exists for
@ over IC, that is a model Z in which no g, matches, then it provides a model
of (T,A) in which each g, hence the whole ¢, admits 0 counting matches. In
particular, it yields A* = Ind(A) and the counting matches for each subquery gy
are contained in A*. We can therefore use Lemma 18 for each ¢, which ensures
that the model J obtained from the whole ¢ has 0 counting match for each gy,
hence is a countermodel for @) over (7,.4). Finally, it is easily verified that since
Ind(A) € A*, model J complies with the closed predicates from ¥, hence is a
countermodel for @ over (7, %, .A), that is K. ]
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3.5 Matching lower bounds

We proceed to exhibit matching lower bounds for each previous upper bound. For
combined complexity, there are three main results: two 2EXP-hardness proofs for
EL and DL—Literos, both obtained by reducing UCQ answering over KBs with
closed predicates, and a coNEXP-hardness proof for DL-Litecye, relying on a more
classical reduction from a tiling problem. For data complexity, two coNP lower
bounds follow from the subclass of rooted CCQs which is further investigated in
Chapter 4, and the DP-hardness of the tightest variant is also proved.
Interestingly, all these reductions to deciding if [m, +o0] is a certain answer
for a CCQ over a KB involve at most polynomially large such integers m. As a
consequence, the complexity of answering CCQs over the considered family of KBs

does not decrease if one enforces a unary encoding of the input integer m.

3.5.1 Two reductions from closed predicates

We now provide 2EXP lower bounds for ££ and DL-Literos, which together with
Theorem 6, establish the 2EXP-completeness of CCQ answering for ALCHZ and
every sublogic that extends £L or DL—Literos. The proofs are by reduction from
the problem of answering Boolean union of conjunctive queries (BUCQs) over KBs

with closed predicates, proven 2EXP-hard in Ngo et al. [2016].
Theorem 13. CCQ answering in EL s 2EXP-hard w.r.t. combined complexity.

Proof. Consider an EL£ KB K = (T, A, X) with closed predicates and a BUCQ
q= \/2:1 qx. Examining the 2EXP-hardness proof from Ngo et al. [2016], we may
assume that > consists only of concept names and each g is connected and has
only variables as terms.

Pick a fresh individual aux not used in A, and let A’ be obtained from A by
adding A(aux) for every concept name A from sig(K) and P(aux, aux) for every role
name P from sig(KC). Consider the KB K’ = (T, .A") and the CCQ ¢ built as the
conjunction of (i) all of the CQs ¢ in ¢ (with all variables treated as counting
variables), (ii) the query ga = Jza A(za) for each A € ¥, and (iii) the queries
¢p = 32 P(zp,aux) and ¢p = Jzp P(aux,2p) for each role name P from K. For
each A € X) let na be the number of individuals a such that A(a) € A, and set
N :=[]ses(na +1). To complete the proof, we prove the following claim: N + 1
is a certain answer to ¢’ over K’ iff KC entails q.

First assume that N + 1 is certain answer to ¢’ over K, and consider a model
7 of K. Add aux and all the associated facts from A’ \ A to obtain a model Z’ of
K'. Observe that Z' must contain at least N matches: the disjuncts g, and the
queries ¢ and gp all have a match sending all variables to aux, and each ga has
n matches due to A, plus one more sending z, to aux. Since N + 1 is a certain
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answer, there must exist some additional match for ¢’ in Z'. As 7 is a model of
IC, it interprets each A € ¥ as {a | A(a) € A}, so there are no further matches for
ga- Next note that since aux is disconnected from the rest of Z’, there is no extra
match for each qlét. The only possibility then is that must be an extra match for
one of the g, aside from the one mapping all variables aux. Since ¢ is connected,
this extra match is fully contained in A%\ {aux}. Hence, Z contains a match for
qx- We may thus conclude that K entails q.

For the other direction, suppose that IC entails ¢, and consider a model Z' of K.
There are at least N trivial matches for ¢/ in Z’. If there is an extra match for one
of the ga or one of the qﬁ,[, then we are done. Otherwise, removing aux from Z’
yields a model Z of K. Since K entails ¢, there must be a match for one of the g
in Z. This yields a new match for ¢ in Z' and concludes. O]

Theorem 14. CCQ answering in DL—LiteZ)'f)s 15 2EXP-hard w.r.t. combined com-
plexity.

Proof. As the 2EXP-hardness proof for DL-Lite’, . from Ngo et al. [2016] does not
involve negative inclusions, we can employ the same approach as for ££ (the added
aux assertions cannot lead to inconsistency). [l

We thus close the open question of the combined complexity of CCQ answering
in DL—LiteZ’ére. Note that our lower bound applies even to the subclass of CCQs
whose every variable is a counting variable, as considered in Kostylev and Reutter

[2015]; Calvanese et al. [2020a].

3.5.2 A tiling problem for DL-Lite .

The preceding 2EXP lower bound does not apply to DL-Liteps, for which coNEXP
membership has been shown (Theorem 10). We pinpoint the exact complexity by
giving a matching lower bound, via a reduction from the exponential grid tiling
problem. Here again the lower bound holds even when restricted to CCQs with
only counting variables.

Theorem 15. CCQ answering in DL-Lite,os 1s CONEXP-hard w.r.t. combined
complexity.

Proof. The proof is by reduction from the exponential grid tiling problem EXPTILING.
We recall that an instance of this problem consists of a set C of colors, two rela-
tions H,V C C x C that give the horizontal and vertical tiling conditions, and a
number n. The task is to decide whether there exists a valid (#H, V)-tiling of an
2" x 2™ grid, i.e., a mapping 7 : {0,...,2" — 1} x {0,...,2" — 1} — C such that
(1(3,7),7(i + 1,7)) € H for every 0 <i < 2" —1 and (7(4,7),7(i,j + 1)) € V for
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every 0 < j < 2" — 1. In what follows, we consider an instance (n,C,H, V) of the
EXPTILING problem.

To be able to test for the existence of a tiling of a 2™ x 2" grid, we must start
by ensuring we can find such a grid in each model. Furthermore, we will need to
detect horizontal and vertical adjacency in this grid, it is thus appropriate to use
horizontal /vertical coordinates. To ensure a polynomial reduction, we need to use
a binary encoding of these coordinates. We start from an initial element a and use
TBox axioms to generate all possible coordinates of the horizontal coordinates:

_ 1=1,...n
A(a) A E E|1%/h,n—1,b Eth,Lb E EIRh,i—l,b’ ( b, Y € {O7 1} >
We proceed similarly with the vertical coordinates, until we generate all possible
pairs of coordinates:

_ _ 1=1,...n
Eth,U,b E EIRv,nfl,b’ HR\,J’b E EIRv,ifl,b’ ( b, v c {O, 1} >
The preceding axioms will generate a binary tree of height 2n in the canonical
model, whose leaves represent all possible grid positions. We use the following
axiom to assign a color to each of the points representing a grid position:

IR, E FHasCol (b e {0,1})
To help us compare positions, we will include the following TBox axioms:

0<i<j<n-—1
IRy, C FHasBity, be {0,1}
d e {h,v}

and:

<ii<m_
EIR;,i,b L EIHaSBithJ ( 0 —bzé]{g 711} 1 )

To keep track of elements used as color or bits, we also add:

<31<n-—
JHasCol™ C Color JHasBity; C Bit < 0<i<n-—-1 )

d € {h,v}

This completes our description of the TBox. We will finish our description of the
ABox later in the proof, but it will be useful to know that it will contain an ABox
individual ¢ for every color ¢ € C and two ABox individuals (one, zero) to represent
bits.

Let us now define the query ¢. In what follows, we build ¢ step by step, providing
several subqueries. For the sake of readability, we omit subscript/superscripts that
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would allow to decide which variable occurs in which subquery. The reason is
simple: in what follows, no variable is shared by different subqueries.
To keep track of the colors used in a candidate tiling, we use the following
subquery:
JColor := Jz Color(z)

We also need to detect if other bits than the intended ones (one, zero) are being
used to satisfy the right hand sides HasBit,;. For this purpose, we introduce the
following subquery:

gt = 3z Bit(2)

To detect if the ¥ bit of the coordinate in direction d is one when it should be
zero:

) 0<i<n-—1
Qd,i,one ‘= 321322 Rd,i,o(zl, 2’2) A HasBlth(zQ, one) ( C?E {h U} )

And the other way around:

<:1<n-—
Ga,izero := 321322 Raji1(21, 22) A HasBitq (2, zero) ( ety )

de {h,v}

To detect if the j™ bit of the coordinate in direction d isn’t carried from the ‘"
level to the next:

0<i<j<n-—1

be{0,1}
d € {h,v}

Qdip; = 321 322 324 32, Raip(21, 22) A HasBitg;(z1, 2))
A HasBitg (2o, 25) A Bit? (2], 25)

To detect if the j* bit of the horizontal coordinate isn’t carried through the ‘"
vertical level:

Qipj i= Jz1 320 21 325 Ryin(21, 22) A HasBity, j(21, 21) 0<7,7<n-1
A HasBity, j(z9, 25) A Bit? (2], 25) be{0,1}

To detect if part of the model is collapsing on the auxiliary individual:
Cauxr ‘= 32 R(z,aux) (R = Ra,ip, HasBitq ;, HasCol)

We next discuss the parts of the query that are used to check the tiling condi-
tions. To detect adjacency, we remark that two grid positions (hy,v1), (he,vs) €
{0,...,2" — 1} x {0,...,2" — 1} are vertically adjacent iff:

- hy = hs, so the binary encodings of h; and hy are the same;
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- v9 = vy + 1, so the binary encodings of v, and v; are the same until, at some
point, v, ends with 1 - 0¥ while v; ends with 0 - 1%,

To detect a violation of the vertical tiling condition (i.e. two vertically adjacent tiles
with colors ¢ and ¢ such that (¢, ') ¢ V), we need n queries, one for each possible
position where the bit from the vertical coordinates differ. For each 1 < k < n, we
create a subquery ¢""(“)* defined as follows.

Vy(e,d)k
q (ec)k — dz 32, 32p 0. Izt F2p g1 - - T2t

n—1

/\ (HasBity, (2, 2n,:) A HasBity i(2,, 21.4))
Onfl

A /\ (HasBity ;(z1, 20,;) A HasBity (2, 2,.4))
i=k+1

A HasBit, x(z;, zero) A HasBit, (2, one)
k—1

A /\ (HasBit, ;(z;, one) A HasBit, ;(;, zero))
i=0

A HasCol(z, c) A HasCol(z,, ¢')

We can similarly define a set of subqueries ¢7(“<)* that detect violations of the
horizontal tiling conditions (see e.g. Figure 3.15).

Finally, we let ¢ be the conjunction of the all of the preceding subqueries. We
can now define the ABox, which introduces individuals for the intended colors and
bits and a further individual d that serves to ensure that all parts of the query can
be matched:

A = {Root(a), Bit(zero), Bit(one), Bit” (zero, one), Bit” (one, zero) }
U {Color(c) | ¢ € C}
U {Root(aux), Bit(aux), Color(aux), Bit” (aux, aux), HasCol(aux, aux) }
U{Ra;ip(aux,aux) | d € {h,v},i € {0,...n—1},b€ {0,1}}
U {HasBitq;(aux,aux) | d € {h,v},i € {0,...n —1}}

Let p = |C|, and let K be the KB with the preceding TBox and ABox. To
complete the proof, it suffices to establish the following claim:

Claim [3p+4, +o0] is a certain answer for g over K <= (n,C,H,V) ¢ EXPTILING.
First observe that there are always at least 3(p + 1) c-matches given by: p + 1
mappings for gooer (on each color-individual ¢ and on aux), times 3 mappings for

gis (on zero, one and aux), times 1 mapping for each other subquery (collapse on
aux).
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2]

Zy /
HasCol
@

C
HasCol
@

2,0

Figure 3.15: The subquery ¢™(©“)2 to check an horizontal tiling condition.

(=) Assume [3p + 4, +00] is a certain answer, and take some candidate tiling

7:{0,...2" =1} x {0,...2" =1} — {c | ¢ € C}. Let Z, be the model of K that is
obtained from Cyx as follows:

- AT contains all elements from AC% except those anonymous elements whose

last symbol is HasCol or HasBit,; (i.e. witnesses for axioms involving 3HasCol
or FHasBity;);

- the roles HasCol and HasBit,; are interpreted as follows:

HasBitgj% = {(aux,aux)}
U{(awRg, 0w, zero) | awRg, ow’ € AT}
U{(awRg, w',0one) | awRg; 1w € AT}

HasCol™ := {(aux,aux)}

U{(aRhn-1,h,_1 - - - RhoneRvin—t1va1 - - - Ru0,v: T(hy 0))
| ho=hy1,...h € [Oa2n - 1]>U ‘= Up-1,---V0 € [072n o 1]}
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where h := h,_1...hg and v := v,_1...vp mean h and v are the numbers
whose binary encodings are h,,_;...hy and v,_1 ...vg respectively;

- the remaining roles are interpreted exactly as in Cx.

Recall our assumption that there is an additional c-match 7 for ¢ in Z,. It is easily
verified that the additional match can only result from one of the queries ¢/ (¢¢)k
or ¢"(“)* From the definition of Z,, this implies that there are two horizontally
(or vertically) adjacent tiles, which positions are encoded on 7(z;) and 7(z,) by
the endpoints of their respective roles HasBit,;, whose respective colors ¢ and ¢
violate either H or V. Thus 7 is not an (H, V)-tiling. As this construction holds
for any possible tiling 7, we infer that (n,C,H,V) ¢ EXPTILING.

(<) Assume (n,C,H,V) ¢ EXPTILING, and take some model Z of K. There is
a homomorphism f : Cx — Z. If there exists aw € A% such that f(aw) = aux,
then there exists a new c-match for the subquery g..xr, where R is the last let-
ter of the shortest prefix w’ of w such that f(aw’) = aux. Otherwise, we define
7:40,...,2" =1} x {0,...2" — 1} — AT as follows: 7(hp_1...ho,Vp_1...00) :=
f@Run—1h, 1 ---RuonRon—1u, 1 ---RuowsHasCol) (again slightly abusing nota-
tion by working with binary encodings of numbers). There are five cases to consider:

- If there exists (hy—1...ho,Vp—1...v0) such that 7(hp_1...ho,Up_1...09) ¢
{c | ¢ € C}, then this provides a new c-match of ¢ in Z in which the subquery
Gcolor 18 mapped as z +— 7(h,_1 ... ho,Up_1 ... V).

- Otherwise, suppose there exists an element that is in the range of Bit that is
not zero nor one, then this also provides a new c-match of ¢, in which the
subquery ¢g;i; is mapped on this element.

- Otherwise, suppose there exists an inconsistent choice of bit, that is awRg, 0
and f(awRy;oHasBit;;) = one (respectively: awRg; 1 and f(awRg;oHasBity;) =
zero), then it provides a new c-match for the subquery g one (resp: ¢a,izero)-

- Otherwise, suppose there exists an non-propagated coordinate, that is awRg
such that f(awHasBity ;) # f(awRa,HasBity k), then it provides a new
c-match either for the subquery ¢q;5; or for the subquery g¢; ;.

- Else, since (n,C, H,V) ¢ EXPTILING, there exist two adjacent positions with
coordinates p := (hp_1...ho,Up_1...v9) and p' := (h,_, ... h{, v, ;... 0)
such that (7(p),7(p)) € (C x C) \ D, for D either H or V. Letting k
be the bit from which the encoding of the non-D coordinate differs, we
obtain a new c-match for ¢, in which the subquery ¢?"®) 7@k ig satis-
fied by mapping 2z to f(aRpn—1.h, 1 - - - RhonoRon—10,_ 1 - - - Ruow) and 2, to

- RuonRom—10 -+ Ruouy) (or the converse).

n—1

aRnn1n |
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In every case, there is an additional c-match for g. We thus obtain that [p+ 1, 4+00]
is a certain answer to q over K. O

3.5.3 Data complexity

We move to lower bounds for data complexity, consisting of a coNP-hardness result
for all investigated DLs and DP-hardness if we consider tight CCQ answering. For
coNP-hardness, only a brief proof sketch is provided here as the result follows
from later results in the context of the more restricted class of rooted CCQ (see
Theorem 21 in Chapter 4). Note that a coNP-hardness result for DL-Lite,os was
already proved in Kostylev and Reutter [2015], from which our reduction borrows
the main ideas.

Theorem 16. CCQ answering in DL-Liteyos N EL is coNP-hard w.r.t. data com-
plexity.

Proof sketch. We reduce the complement of the graph 3-colorability problem
(3-CoL) to answering the CCQ which is the conjunction of the subqueries

Jeol := Jy Jz HasCol(y, 2)
Qedge ‘= TYc 321 22 Edge(21, 22) A HasCol(z1,y.) A HasCol(zs, y.)

w.r.t. the TBox T containing the single axiom Vertex C FHasCol. T. m

From the coNP membership of CCQ answering, it is easily seen that tight CCQ
answering can be done in DP by making a call to a coNP oracle (is [m, +oo] a
certain answer?) and an NP oracle (is [m + 1, 4+00] not a certain answer?). The
DP-hardness of this problem was left as an open question by Kostylev and Reutter.

Based on the preceding reduction from 3-COL, we give a reduction from the
following problem (DP-complete due to Garey et al. [1976]): given planar graphs G;
and G, decide if G; € 3-COL and G, ¢ 3-COL. Here again, the result follows from
an analogous result for the subclass of rooted CCQs (see Theorem 22 in Chapter 4).

Theorem 17. Tight-CCQ answering in DL-Lite,os N EL is DP-hard w.r.t. data
complexity.

If one drops the rootedness restriction and focuses on either ££ or DL-Liteps,
then the preceding reduction can be adapted to show DP-hardness also for the two
kinds of CCQs from Kostylev and Reutter [2015], closing their open question.

Theorem 18. Tight CCQ answering in DL-Lite,os and in EL for Count()-queries
as defined in Kostylev and Reutter [2015], that are CCQs with'y = 0, is DP-hard
w.r.t. data complexity.
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Proof. We focus on DL-Litepos and mention along the proof of to adapt to £L.
Consider two planar graphs G; := (V1,&) and Gy := (V,,&). Each vertex is
described in the ABox with a specific concept, either Vertex; or Vertex, depending
on which graph it appears in, and each edge by a simple Edge role. Three colors are
also provided for each graph, and identified with concepts Color; and Color,. We
also introduce a auxiliary vertex a!, for each graph, equipped with a monochromatic
red edge so that each upcoming subquery is ensured to match. Formally, we
consider the following ABox:

A = {Vertex; (u) | u € V1 } U {Vertexy(u) | u € V1 }
{Edge(uy, uz) | (u1,us) € & U &}
{Colory(c) | c € {r1,g1,b1}} U{Colors(c) | c € {r2, g2, b2}}
{Edge(al,al), HasColor(a}, r;), Edge(a2, a2), HasColor(aZ, r,) }

v “v VI v

The TBox contains the following axioms, requiring each vertex to get a color
identified with the correct concept.

Vertex; C dHasCol; JHasCol; E Colory
Vertexy C dHasCol, JHasCol, T Colory

For £L£, we consider instead axioms Vertex; T dHasCol;.Color; and Vertexy C
JHasColy.Colors.

HasColy
%

u Vertex; Edge M, . Color;
o
= 1
&= a, g2 Colory
[¢’]
HasCol;
o+— v Vertexy b; Color;
HasCol,
v Vertexy Edge cow, 2 Colory
N
5 2
= ag g2 Colory
@
HasCol,
+———/ Vertexy b, Color,

Figure 3.16: A part of C¢ with (u,u') € & and (v,v') € &.

Subqueries ¢ 99¢ and ¢ are then defined to detect monochromatic edges or use
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21 COlOI‘l Z%
oM @ @ :° o @
‘2&% Q&V Colory
= =
ch @ = sz @ = Q@
@ @
5’% Color; &%
% @ @ - % @
% %

Figure 3.17: The Count()-CCQ ¢, which is the conjunction of ¢¢%¢, ¢, qct (left

part) and ¢S, g5 (right part).

of new colors for each graph, that is, for i € {1, 2}:

¢°%° =321 321 321 Edge(2!, 21) A HasCol;(21, z°) A HasCol; (23, 2°)
¢ =32" Color;(z")

The main challenge is however to make sure that we can determine the 3-colorability
status of the two graphs solely by looking at the number of counting matches of
the query. To be able to distinguish G; from G,, we introduce an asymmetry by
duplicating the color counter query for Gy, i.e., create a copy g5 of ¢¢” that uses a
fresh variable: g5 = 32° Color;(2°). We now let ¢ be the conjunction of these 5
subquery, and K := (T, A).

It is easily verified that the query ¢ now corresponds to a Count query as defined
in Kostylev and Reutter [2015]. The query ¢ is displayed in Figure 3.17, and the
canonical model Cx of K is displayed in Figure 3.16.

We now claim [36, +00] is the tightest certain answer to g over K iff G; € 3-CoL

and Gy ¢ 3-CoL. This is proven by a case analysis, summarized here:
g, € 3-CoL g §é 3-CoL

Gy € 3-CoL 27 (=3 x 3 x3) 48 (=4 x4 x 3)
Gs ¢ 3-CoL 36 (=3 x3x4) 64 (=4 x4 x4)

Each of the four cells displays the largest value of m such that [m, +o0] is a certain
answer of ¢ over K, under different assumptions on the 3-colorability of G; and G,.
To establish these values, one must first prove that every model has at least this
many c-matches, and then exhibit a model that realizes the exact number. For
the latter, we utilize our assumption that the graphs are planar, hence 4-colorable
|Gonthier, 2008, which we use to show that the minimal number of c-matches is
realized in a model that encodes proper 3- or 4-colorings of the graphs. We refer to
22 for the proof of this case analysis, as the number involved in the four cells are
strictly the same. O
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Theorem 19. Tight CCQ answering over DL-Lite,os N EL ontologies for Cntd(z)-
queries as defined in Kostylev and Reutter [2015], that are CCQs with |z| =1 is
DP-hard w.r.t. data complexity.

Proof. We recall that the Cntd queries from Kostylev and Reutter [2015] correspond
to CCQs with exactly one counting variable. As in the previous reductions, we aim
to force additional matches whenever an input graph is not 3-colorable, and the
challenge is to track of the number of colors used to color the two graphs.

Having only a single counting variable forces us to count colors used for G; in
exactly the same as we count those used for G,. In particular, the asymmetry we
introduced in the query must now be introduced into the ABox. This is done by
considering a copy of our first graph. However, this is not enough as two different
graphs could use the same additional color, making it impossible to detect with
our single counting variable that both graphs are using more than three colors.
Therefore, we will provide a set of basic colors for each graph and additionally
check whether a graph uses a color that is intended for another graph. Concretely,
we achieve this by connecting vertices from different graphs using a new role Diff,
and by adding a new subquery that will generate new c-matches whenever two
vertices connected by Diff use the same color.

Let us now give a more formal description of the construction. As mentioned
earlier, we will introduce a copy Gy = Vo, &) of the graph G;. Without loss of
generality, we can assume that Vo N V; NV, = 0. As ABox individuals, we will use:

- an individual name u for each u € V, U V; U Vs, to represent our graphs;

- individuals rg, go, bo (resp. r1, g1, b1 and rq, g2, bo), intended to color Gy (resp.

G and Gy);

- auxiliary individuals for vertices (ag, a1, as, ¢, d, e) and auxiliary individuals
for colors (r, g, b).
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We then consider the following ABox:

A(g,.0.) = {Vertex(u) | u € Vo UV, Uy}

U {Edge(uy,up) | (u1,us) € EUE U &}

U {Edge(ao, ap), Edge(a1, a1 ), Edge(as, a2), Edge(c, c), Edge(d, d)}

U {Diff(ur, u2) | us € Vi, us € V;,i # j}

U {Diff(u,a;) | v € V;,1,5 € {0,1,2},i # j}

U {Diff (a, ap), Diff (a1, a1), Diff (as, a2), Diff (c, ¢), Diff (e, e) }

U {Auxe(ao, ap), Auxe(ar, ar), Auxe(as, as), Auxe(d,d) }

U{Auxe(e,u) | u € VoUV, UMWy}

U{Auxc(u,c) | u € VoUVL UVs}

U {Auxq(ag, ap), Auxq(ay, ar), Auxq(asz, as), Auxq(e, e)}

U {Auxq(d,u) | u € Vo UV, UVy}

U{Auxq(u,c) | u € Vo UV UMWy}

U {HasCol(a;,t) | t € {r;, g, b;},7 € {0,1,2}}
U {HasCol(d, r), HasCol(d, g), HasCol(d, b) }
U {HasCol(e, r), HasCol(e, g), HasCol(e, b) }
U {HasCol(c,r)}.

and the TBox T := {Vertex C JHasCol}. We denote by Kg = (T, .A) the resulting
KB.
We consider the three following subqueries:
¢"(y) = 3yi 3ys Jy? Auxaly, yi) A Diff (4], y5) A HasCol(yf, y?) A HasCol(y5, y?)
q“*(y) = 3yi Jys Ty Auxe(y, yi) A Edge(yf, y5) A HasCol(yg, ye) A HasCol(ys, )
¢ (y) = 3z HasCol(y, 2)
and let ¢ = Jy ¢/ (y) A ¢°%9¢ A ¢° be the complete CCQ, which corresponds to a

Cntd query class as there is only one counting variable z. The query ¢ is displayed
in Figure 3.18.

Claim: (ag, [10,+00]) € ¢* iff G, € 3-CoL and G, & 3-COL.
We prove this claim using the following case analysis:
g, € 3-CoL G ¢ 3-CoL

G, e3-CoL 9(=3+3+43) 11 (=4+4+3)
Go ¢ 3-CoL 10 (=3+3+4) 12 (=4+4+4)
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o »

Edge 1 Aux,

o

Ys ©
~ ~
/S /S
AL AL

Auxq

HasCol
< o——T

[¢] [e]

e

ye yd

Figure 3.18: The Cntd(z)-CCQ ¢, which is the conjunction of ¢®¥¢ (left part), ¢%//
(right part) and ¢° (upper part).

To obtain the values in the preceding table, consider an arbitrary model Z of
K, along with a homomorphism f : Cx — Z. First observe that there are always 9
c-matches, which are obtained from the matches given by:

2= | gi | bz yvyiay;yf?yg = a; yg?iy::i = (Z S {07172})

Hence q%23+3+3:9.

Furthermore, let us define 77 : VoUV; UV, — AT as follows: 77(u) = f(uHasCol).
We'll use the notation 77(V;) to refer to the set {rz(u) | v € V;}. Notice that, if
(Vi) Nmz(V;) # 0 with ¢ # j, that is, we have u € G;,v € G; with i # j and
7r(u) = 77(v), then we have 3 additional c-matches corresponding to the matches
given by:

zyierlglb  yyhyied  yleu o yiev yle r(u)

Therefore, in such a model Z, we have q% > 9+ 3 =12, and thus sufficiently many
c-matches w.r.t. the numbers in the table. We will therefore assume in the following
that 7z(V;) N 7z(V;) = 0 for i # j (assumption (7)).

The same applies in the case where 77(V;) N {r;,g;,b;} # 0 for i # j, as one
can exhibit the same three additional c-matches by replacing the individual v by a;
in the latter definition of matches. Therefore, we can also assume in what follows
that 77(V;) N {r;,g;,b;} = 0 for all i # j (assumption (i)).

Finally, notice that if 77 introduces a monochromatic edge, i.e. an edge (u,v) €
EoUE UE, such that 77(u) = 77(v), we again have 3 additional c-matches obtained
from the matches given by:

zyl—rlglb gyl e Y u yse vy r(u)
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Therefore, we can also restrict our attention to models without monochromatic
edges (assumption (i77)). Any model that satisfies properties (i), (i7) and (¢iz) will
be called non-trivial.

We now proceed to consider the four cases. In each case, the minimal number
of c-matches is obtained by exhibiting a model built from colorings for each graph
that use a minimal number of colors. The only important difference w.r.t preceding
reductions is that when more than one graph utilizes a fourth color, we need to use
distinct fourth colors for each graph. We now complete the proof by showing that
every non-trivial model has at least the number of c-matches as listed in the table.

- G1,G, € 3-CoL: We have already seen that every model contains at least 9
c-matches.

- G ¢ 3-CoL,Gy € 3-CoL: Since Gy and G; are not 3-colorable, any non-
trivial model Z must satisfy 77(Vy) > 4 and 7z(V;) > 4, due to assumption
(¢73). In particular, we have a vertex uy € Vy (resp. u; € Vi) such that

Tr(ug) ¢ {ro,80,bo} (resp. 77(u1) ¢ {r1,g1,b1}). This yields the following
matches:

z () oy u yhus iy e yhyler o (i€{0,1})

which give rise to two new c-matches because of assumptions (i) (ensuring
the two colors 77(ug) and 77(u;) are different) and (i7) (ensuring 77(ug) and
77(uy) are different from the colors in the 9 basic c-matches). Hence, every
non-trivial model contains at least 11 c-matches.

- G, € 3-CoL, G, ¢ 3-CoL: Since G, is not in 3-COL, any non-trivial model Z
must satisfy 77(Vs) > 4 because of assumption (7iz). In particular, we have
a vertex us € Vy such that 77(ug) ¢ {re, g, bo}. This provides a new match
given by:

d ,d d
ZHTI(UQ) Y = Uz yiay;ylayQ = C ?/E»yc =r

which gives rise to a new c-match because of the assumption (ié) (which
ensures 77(ug) is different from the colors in the 9 basic c-matches). Hence,
every non-trivial model contains at least 10 c-matches.

- G1,Gs ¢ 3-CoL: We can proceed similarly to the two previous cases to exhibit
up € Vo, up € Vi, us € Vs that are assigned new colors, providing three new
matches given by:

s rr(u) oy u yG s ylys e Yyl (1€4{0,1,2})
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which give rise to three new c-matches because of assumptions (i) (the colors
77(u), 77 (u1), 77(ug) are all different) and (i¢) (they are also different from
the colors in the 9 basic c-matches). Hence, we have that every non-trivial
model contains at least 12 matches. O
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Rooted CCQ)s

In this chapter, we explore whether a first structural restriction on CCQs allows us
to lower the complexity. The reductions used to prove lower complexity bounds in
Chapter 3 mostly rely on disconnected CCQs admitting fully anonymous matches
in some models. A natural idea is thus to restrict to the class of rooted CCQs, for
which each match must involve at least one individual per connected component of
the query. Rootedness is already known to lower the complexity in several settings
(see e.g. Lutz [2008]; Calvanese et al. [2020a|), notably leading to tractable data
complexity for CQ answering under bag semantics in DL-Litecye (Nikolaou et al.
[2019]).

In the case of CCQs, we show that this restriction does not lead to lower
complexity than in the general case. Intuitively, one can use existential variables
to connect a root of a query to its counting variables, thereby making it possible
to bypass the rootedness restriction. Rooted CCQs are investigated in Section 4.2

and lead to the very same complexity results as in the general case, recalled in
Table 4.1.

Exhaustive rooted Rooted

Data Combined Data Combined
DL-Lite;’és, ELT, ALCHT coNP-c coNEXP-c coNP-c 2EXP-c
ALC, ALCH coNP-c EXP-c coNP-c 2EXP-c
ELELH, coNP-c PSPACE-c coNP-c 2EXP-c
DL-Litepos, DL-Litecore TCc PP-c coNP-c  coNEXP-c

Table 4.1: (Exhaustive) rooted CCQs answering: worst-case complexity.

These results lead us to consider an additional constraint: disallowing existential
variables. We term such CCQs exhaustive as this further restriction means that we
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count every match for the query, since (plain) matches now coincide with counting
matches. As our exploration reveals, exhaustive rooted CC(Q answering enjoys
lower complexity bounds, summarized in Table 4.1. In data complexity, we obtain a
tractable TCY case for DL-Litecye, by showing that a carefully defined notion of the
canonical model always yields the tightest certain answer. In combined complexity,
we exhibit four situations ranging from PP-completeness to coNEXP-completeness.
All four results are obtained by refinements of interlacing functions. In Section 4.3,
a first refinement for ALCHZ KBs allows us to ensure existence of countermodels
with exponential size, if a countermodel does exist, hence yielding the coNEXP
upper bound. In Section 4.4, we construct an interlacing function tailored to the
absence of inverse role in ALCH, from which we derive a EXP procedure, dropping
to PSPACE when considering £LH . In Section 4.5 we focus on DL-Litecye and
obtain a PP completeness result relying, as mentioned for data complexity, on the
canonical model yielding the tightest certain answer.

Interestingly, all of the lower bounds for combined complexity explored in the
present chapter rely on a binary encoding of the input integer. This is in contrast
with the general case (Chapter 3), and whether the complexity of (exhaustive)
rooted CC(Q answering drops when requiring m to be written in unary remains an
open question.
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4. Rooted CCQs

4.1 Preliminaries

To define rootedness, we first recall the definition of the labeled directed graph
associated to a CCQ ¢ given in Chapter 3: each term ¢ is represented by a vertex
v; labeled by ¢ and by concept names A such that A(t) € ¢, and an directed edge
(v, v4,) labeled with P is added for each atom P(t,t5) € q. To easily distinguish
the status of each term (and often to omit the name of the term), the node v; is
depicted as @ if t € IndUx, as o if ¢t € y, and as @ if ¢ € z. Rootedness is then
defined as follows:

Definition 40. A CCQ q is rooted if every connected component of the graph
assoctated to q contains at least one answer vartable or individual name.

We may focus on Boolean CCQs without loss of generality, since replacing an
answer variable by the individual of interest preserves rootedness. Observe that for
Boolean CCQs, the rootedness restriction enforces that every connected component
of the graph contains at least one individual name.

As mentioned in the introduction of this chapter, we also consider the subclass
of exhaustive queries, which basically corresponds to the class of Count()-CQs
considered in Kostylev and Reutter [2015].

Definition 41. A CCQ ¢q(x) := Jy Iz (x,y,z) is exhaustive if y = (.

For exhaustive CCQs, the notions of matches and counting matches coincide.
When it is clear we are considering such queries, we will use the term matches for
simplicity, and hence be interest in the number of matches.

4.2 A weak notion of rootedness

In this section, we prove that rootedness is not sufficient to lower the complexity
of CCQ answering compared to the general case. For combined complexity, we
show how to directly reduce CCQ answering to rooted CCQ answering. For data
complexity, we proceed by reduction from (the complement of) the 3-COL problem
to obtain coNP-hardness. Notice this also closes the pending lower bounds from
Section 3.5.3.

4.2.1 Combined complexity: from CCQs to rooted CCQs

For the combined complexity measure, we exhibit a direct reduction from CCQ
answering to rooted CCQ answering. This is achieved by a slight modification of
the ontology, essentially requiring that each (relevant) element in a model must
connect to a root-like element via a dedicated role. Such root-like elements are
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further counted by a subquery, which is duplicated enough times so that each
unknown instance of a root-like element causes an exponential number of new
counting matches. Interestingly, the number of copies of this subquery to introduce
is data-dependent, which is why this reduction doesn’t work for data complexity.
The key ingredient is hence to be able to count the root-like elements of a model
without counting all elements of the model. Indeed, as our constructed CCQ must
be rooted, the only way to count a root-like element to which an arbitrary element
e in the model is connected is by considering a path from a fixed individual (the
root of our query) to e. This is precisely what existential variables allow us to do:
to consider such a path without counting it.
The precise result, sufficient for our purposes, is as follows.

Theorem 20. Let L be a sublogic of ELHTL extending either EL or DL-Liteyes.
Then CCQ answering over L KBs can be polynomially reduced to rooted C'CQ
answering over L KBs.

Proof. Let L be a sublogic of ELHT extending either ££ or DL-Liteyss. Let
K :=(T,A) be an £ KB, g be a CCQ and m a candidate integer. We begin with
a slight reformulation, by noticing that we can assume without loss of generality
that ¢ doesn’t contain any individual name. Indeed, by replacing each occurrence
of an individual a in ¢ by an existential variable y,, adding the atom IsInd,(y,) to
q and the assertion IsInd,(a) to A, we obtain such an individual-free query ¢’ and
extended ABox A’ such that n is a certain answer to ¢ over K iff n is a certain
answer to ¢’ over K' := (7, A’). Henceforth the terms of ¢ are either existential or
counting variables.

We now proceed to the main reduction and build a new £ KB K’ := (7", A'), a
rooted CCQ ¢’ and a new integer m’ such that m is a certain answer to g over K
iff m’ is a certain answer to ¢’ over K'. The built KB K’ extends the original C,
that is 7 C 7' and A C A’, with additional assertions and axioms that are further
detailed.

The general idea is to ask for relevant elements of a model Z’ of K’ those are
the elements ensuring modelhood, to be directly connected to one of the two roots
that we provide as part of A’, namely a and b. We enforce this behaviour with
a variation of the axiom T C JtoRoot.T in 7’ and by counting the number of
root-like elements in Z’ with a subquery of ¢’ containing an atom toRoot(y, z). By
considering enough copies of the latter subquery (=~ log% m), we make sure the
introduction of a third root-like element in Z' disqualifies Z' as an optimal model,
and we can hence focus on models that only contain the two provided roots. In
such a model, ¢ can easily be rewritten as a rooted CCQ since each relevant element
of the model is connected either to a or to b.

The reason why we provide two roots is to allow to distinguish two “sides” in
a model Z' of K': the main side containing a and the auxiliary side containing
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b. The purpose of the main side in Z’ is to represent (the relevant elements of) a
model 7 of the original KB K, while the auxiliary side provides basic matches for
the query ¢’. To this end, a is chosen among individual names from A, or as a fresh
new individual if ever A = (), while b is always chosen as a fresh new individual
name. Changing side will be represented by following a fresh new role toSide from
a. We add in A’ the two following assertions:

toSide(a, a) toSide(a, b)

Since a is part of the main side, which aims to represent a model of K, we ask each
individual element on this side to be connected to a with the following assertions:

toRoot(a,a)  toRoot(c,a) (c € Ind(A))

On the auxiliary side, we allow b to be its own root and to satisfy every possible
fact related to the original KB K:

toRoot(b, b) A(b) P(b,b) (A, P € sig(K))

To prevent the main side from reusing facts from the auxiliary side, we introduce
M copies of the following subqueries in ¢’ (the value of M will be specified latter)
to capture outgoing and incoming roles involving b:

qg)b :=3Jz P(b, 2) qulb =3z P(2,b) (P €sig(T) U {toRoot}, 1 <i < M)

Notice each copy is rooted and embeds on b in all models of A’. We now aim to
make sure that relevant elements on the main side are connected to a. We introduce
a fresh new concept Auxt aiming to capture all relevant elements by subsuming all
concept that might occur in the original KB /. We hence add in 77 the following
axioms, depending on which DL the logic £ is extending:

L extends £L ‘ L extends DL-Liteyos
ALC Auxt (A €esig(T))
T C Auxt JP. T C Auxt (P €sig(T))

IP~.T C Auxy (P €sig(T))

Notice the use of inverse roles is only needed if the logic £ already allows it. We
now require that such elements are connected to a root-like element with the axiom:

AuxT C JtoRoot. T

To enforce the root a to be reused in optimal models, we proceed inductively:
individuals from A and individual a already satisfy this condition, and we build a
subquery gp , which counts the root-like elements used by the P-neighbours of an
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element already connected to a known root. We consider in fact N copies of this
subquery per role P and per inverse role P~ from the signature of 7

qgj)z,a = Jy, 1, Yr Y2, ylla y}a yé 3z tOSide(a7 y)

AtoRoot(y1,y) A fetch(yr, yr) A fetch(ya, yy) P € sig(T)
AP (yo, 5) O<j=N
Netch(ys, yy) A fetch(yy, yy) A toRoot(yy, 2)

in which fetch is a fresh new role name whose purpose is to let a be a match for
each qg)i’a. It is indeed essential that a is already counted as a basic c-match, but
since we don’t want to introduce auxiliary facts on a (which would restrict the
possible models represented on the main side), the role fetch allows a to borrow
facts from b thanks to the following assertions in A’

fetch(a, b) fetch(b, b)

The following axiom in 7 is therefore needed to ensure queries ql(i_z , can still map
on other relevant elements:

Aux+ C dfetch. T

Finally, the original query becomes:

Grooted := Jy toSide(a,y) A g A /\ toRoot (v, y)

vEterms(q)

and we let ¢’ be the conjunction of all the above subqueries.

Notice there are always: 1 c-match (on b) for each ng, 1 c-match (on b) for grooted

and 2 c-matches (on a or b) for each qg; )a for every model of A’. Together, it yields
12M(Isig(T)I+1) 5 1 x 22NIsie(Tl hasic c-matches for the whole query ¢’. Therefore,
if there are m c-matches in a model of K, we should aim for 12M(sie(T)+1) x
(m 4+ 1) x 22NB&(T)l c_matches in the corresponding model of K'. We hence set
n' = (n+1) x 22N=e(Ml We now discuss how to set M and N. We want any new

c-match for a subquery qg?b to allow for more than m’ c-matches for the whole ¢/,

that is:

M 5 2MUSETIFD=M o 1 5 92NISETI 5 (1 4 1) x 22NIs&(T)

Hence we set M := |logy(m + 1)] + 1. We proceed as well for N, aiming for:
|2MOSETIHD) o ] 5 3Ny 92NBETI-N . (1 4 1) x 92Nsia(T)

Hence we set N := [logs(m +1)] + 1.

It remains to prove that [m’, +0o0] is a certain answer to ¢’ over K’ iff [m, 4+o00]
is a certain answer to q over K.
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(=). Assume [m,+o0] is not a certain answer to g over K, that is we have a
countermodel Z of K for ¢ and m. Denote my the number of matches in Z. We
now build a countermodel Z' of K’ for ¢’ and m/. If the initial ABox A is empty,
we assume, up to a renaming, that a € AZ (recall that otherwise, that is A # (),
we chose a among Ind(.A)).

The domain of 7' is AT U {a, b}, and interpretations of concept and role names
are given as follow:

AT .= ATuU{b} (A €sig(T))
AuXTII = AT

PT .= PTU{(b,b)} (P e sig(T))
toSide” := {(a, ),

, ). (3.b)}
toRootI/ = {(a,a),(b,b)} U{(e,a) | e € AT}
fetch™ := {(e,b) | e € AT}

It is easily verified that Z’ is a model of K, mainly from the following facts:
- T is a model of K;

- Facts in Z’ involving elements of AZ ensure satisfaction of the additional
axioms of T”;

- In the absence of negative inclusions (recall £ belongs to ELHT), all the facts
on b do not yield any contradiction;

- Since in any case a already belonged to AZ, it ensures all axioms with shapes
T C B are already satisfied on a in Z.

It is further direct that Z’ contains exactly (mg + 1) x 22V5&(M| < 1/ matches for
¢, yielding the desired countermodel.

(<). Assume that [m,+o0] is a certain answer to g over K. Consider a model Z’
of K'. If b is reached by any new fact involving a role P* from sig(7) U {toRoot}
in 7', it yields a new c-match for all the corresponding gp= j, and ensures existence
of at least m’ c-matches for ¢ in Z'. Otherwise we say that b is isolated and we
consider the submodel Z* of 7’ obtained by only keeping the connected components
containing an element from Ind(A) U {a}. Using the queries gp+, and b being
isolated, we prove by induction on these connected components that if any element
from Z* is not connected by toRoot to a, then there exists at least m’ matches
in Z*, hence in Z'. Otherwise, we consider the model Z of K obtained from Z*
by dropping b. Modelhood is indeed ensured from modelhood of Z’, hence of Z*,
and the fact that b was isolated before being dropped. By hypothesis, we have
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m c-matches for ¢ in Z. It can be verified that these m c-matches correspond to
exactly m new c-matches for ¢ooteq in Z’, ensuring existence of m’ c-matches for
the whole ¢’ in Z'. O

Using Theorem 20, we can import from Chapter 3 the three lower bounds for
combined complexity.

Corollary 1. Rooted CCQ answering over EL ontologies is 2EXP-hard.
Proof. Theorem 20 combined with Theorem 13. O]

Corollary 2. Rooted CCQ answering over DL-Litelt_ ontologies is 2EXP-hard.

pos

Proof. Theorem 20 combined with Theorem 14. m
Corollary 3. Rooted CCQ answering over DL-Lite,os ontologies is coNEXP-hard.
Proof. Theorem 20 combined with Theorem 15. O]

4.2.2 Two reductions for data complexity

We now move to data complexity, for which we prove the coNP-hardness of answering
rooted CCQs over DL-Liteyos N EL, hence coNP-completeness for all DLs up to

ALCHT (recall that CCQ answering over ALCHZ KBs is in coNP from Theorem 7).
This also proves Theorem 16 from Chapter 3.

Theorem 21. Rooted CCQ) answering over DL-Liteyos N EL ontologies is coNP-
complete w.r.t. data complexity.

Proof. The proof borrows some ideas from the proofs of Lemmas 12 and 16 from
Kostylev and Reutter [2015]. It proceeds by reduction from the well-known coNP-
complete 3-COL problem: given an undirected graph G = (V, £), return yes iff G
has no 3-coloring, i.e., a mapping from V to {red, green, blue} such that adjacent
vertices map to different colors (equivalently: there is no monochromatic edge).

The reduction uses atomic roles Edge and toVertex to encode the graph and
HasCol to assign colors. The DL-Liteyos NEL TBox T has a single axiom: Vertex T
JHasCol. T. The ABox Ag contains an assertion Vertex(v) for each vertex v € V
and an assertion Edge(u,v) for each edge {u,v} € £. All vertices are connected
to a special root individual a: toVertex(a,v) for each v € V. The three colors are
represented by individuals r, g and b. To ensure that the query has matches in every
model, we include a ‘dummy’ vertex individual a, and the following assertions:
toVertex(a, a, ), Edge(ay, a,), HasCol(a,, r), HasCol(a,, g), and HasCol(a,, b).

Let Kg := (T, Ag) be the built KB. A part of the canonical model of Kg is
depicted in Figure 4.1.
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Figure 4.1: A part of Cx, with (uy,us) € &.

The query ¢, depicted in Figure 4.2, is the conjunction of the two subqueries:

¢°%° =3y, 3z 2z, toVertex(a, ;) A toVertex(a, z)A
Edge(z1, z2) A HasCol(z1, y.) A HasCol (22, y.)
= dJy 3z toVertex(a, y) A HasCol(y, 2)

serving respectively to detect monochromatic edges and to check whether any
additional colors have been introduced.

z21
AN ® 2
o ol
Q@% %
Ye o 0%} . toVertex o HasCol ® :
\D i ’
$
Q, {Qe‘
SCy y ﬁ(ﬂe
@
Z2

Figure 4.2: The rooted CCQ ¢, being the conjunction of ¢°¥¢ (left) and ¢ (right).

It is not hard to see that [3,+00] is a certain answer to ¢ over Kg. Indeed, there
are at least 9 matches of ¢ in any model Z of I, given by:

21,20,y ay Yerrr|glb  z—rlglb

These 9 matches give rise to 3 c-matches for ¢, corresponding to the three ways of
mapping z. To complete the proof, we establish the following claim:

[4,+00] is a certain answer to q over K¢ iff G ¢ 3-COL.

Counting Queries in Ontology-Based Data Access 103



4.2. A weak notion of rootedness

(=) Assume [4,+00] is a certain answer to ¢q over Kg, and take some possible
coloring 7 : V — {r, g, b} of the graph G. Let Z¢ be the model of Kg whose domain
is Ind(Ag) and which interprets concept Vertex and roles toVertex and Edge exactly
following the ABox, and which interprets HasCol according to 7:

HasCol” = {(ay,r), (av, g), (ay, b)Y U {(v,7(v)) | v € V}

Intuitively, Z, is obtained from the canonical model by replacing the element
v - HasCol with 7(v).

By hypothesis, there is a fourth c-match 7 for ¢ in Z9. It is easily verified that
the additional match can only result from the atom Edge(z1, 25) being mapped
onto an edge Edge(uy, uy) that is different from Edge(ay, a,). From the definition of
79, this implies that the edge (u;,us) of G is monochromatic, both vertices sharing
the color m(y.). Thus, 7 is not a 3-coloring. As this construction holds for any
possible coloring 7, we obtain G ¢ 3-COL.

(<) Assume G ¢ 3-CoL, and take some model Z of Kg. There is a homomorphism
[+ Cxy — I (which preserves individual names). Define 7 : V — A’ as follows:
7(u) = f(u - HasCol). There are two cases to consider:

- If there exists u € V such that 7(u) ¢ {r,g,b}, then this provides a match
of ¢ in Z given by 2z + 7(u) and y — u”, whose restriction to the counting
variables is a new c-match.

- Else, since G ¢ 3-COL, there exists an edge (u1,u2) € € such that 7(u;) =
7(uy). It provides a new match given by:

2> r Y — ay 21— Up Zg > U2 Yo = T(u1) (= 7(uz))

In both cases, there is a fourth c-match for ¢. As this holds for any model Z of Kg,
it proves [4, +00] is certain answer to ¢ over Kg. O

To conclude with this form of rooted queries, we turn to the tightest certain
answer variant. Based on the previous proof, we can adapt the reduction to obtain
a DP lower bound for this tightest variant. This also proves Theorem 17 from
Chapter 3.

Theorem 22. Tight-rooted CCQ) answering in DL-Lite,os N EL is DP-hard w.r.t.
data complexity.

Proof. We give a reduction from the following problem (DP-complete due to Garey
et al. [1976]): given planar graphs G; and G, decide if G; € 3-CoOL and G, ¢ 3-COL.
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Let the TBox 7 and ABoxes Ag,, Ag, be defined as in the proof of Theorem 21.
Rename the individuals to ensure Ind(Ag, ) NInd(Ag,) = 0, then set K = (T, Ag, U
Ag,). Let ¢ and ¢¢%° (resp. ¢5”°" and ¢5%¢) be defined as before, but using
disjoint variables and the root individual from the Ag, (resp. Ag,). The challenge
is to make sure that we can determine the 3-colorability status of the two graphs
solely by looking at the number of c-matches of the query. To be able to distinguish
G, from G,, we introduce an asymmetry by duplicating the color counter query

color

for Gy, i.e., create a copy g5 of ¢¢°'" that uses fresh variables but the same root
individual. We then take the query:

color color A qedge color A

d
4= 4o ANi AN 3

q

We claim [36, +o0] is the tightest certain answer to ¢ over K iff G; € 3-CoL
and G, &€ 3-CoL. This is proven by a case analysis, summarized here:
g, € 3-CoL G, ¢ 3-CoL
G, € 3-CoL 27 (=3 x3x3) 48 (=4 x4 x 3)
Gy ¢ 3-CoL 36 (=3 x3x4) 64 (=4 x4x4)

Each of the four cells displays the largest value of m such that [m, +oc] is a certain
answer of ¢ over IC, under different assumptions on the 3-colorability of G; and Gs.
To establish these values, one must first prove that every model has at least this
many c-matches, and then exhibit a model that realizes the exact number. For
the latter, we utilize our assumption that the graphs are planar, hence 4-colorable
|Gonthier, 2008, which we use to show that the minimal number of c-matches is
realized in a model that encodes proper 3- or 4-colorings of the graphs.

We now provide more details on the case analysis. In what follows, Z denotes an
arbitrary model of K = (7, Ag, U Ag,). We first remark that every model contains
the c-matches given by:

L2 et gt | bt 21, 23 > ayt 2| g? | b? 22 22 a,?
Hence Z contains at least 3 x 3 x 1 x 3 x 1 = 27 c-matches.

In what follows, we will use Z¢ to denote a minimal model of Kg complying
with a given coloring 7 of a graph G, constructed as in the proof of Theorem 21.
We observe that if 71 and 7, are respectively colorings for the graphs G; and G,
then the interpretation Z¢' U Z¥ which is the disjoint union of Z¢' and Z¢ is a
model of the considered KB . We use such models to establish the minimum
number of c-matches in the four different cases:

- G1,Gy € 3-CoL: We have already seen that every model of K contains at
least 27 c-matches. Let 7 (resp. 72) be a 3-coloring for G; (resp. G,). Then
the model ITgll U ITQ; has exactly 27 c-matches.
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- G; € 3-CoL, Gy ¢ 3-CoL: As G, is not 3-colorable, the part of Z describing
G- must either introduce a fourth color, providing a new value for 22 (hence
at least 3 x 3 x 1 x 4 x 1 = 36 c-matches), or contain a monochromatic edge,
providing another possible value for (2%, 22) (hence at least 3% x 1 x 3 x 2 = 54
c-matches). Therefore, every model contains at least 36 c-matches for g.
To show we cannot ensure more than 36 c-matches, let 7 (resp. 72) be a
3-coloring (resp. 4-coloring) for Gy (resp Go). Then Z9' UZY2 has exactly 36
c-matches.

- G ¢ 3-CoL,G, € 3-CoL: The part of Z describing G; must introduce
either a fourth color, providing a new value for 2% and 2! (hence at least
4x4x1x3x1 =48 c-matches), or contain a monochromatic edge, providing
another possible value for (21, 24) (hence at least 3 x 3 x 2 x 3 x 1 = 54
c-matches). It follows that every model contains at least 48 c-matches. To
show this is the best value that can be attained, let 7y (resp. 72) be a 4-coloring
(resp. 3-coloring) for Gy (resp. Go). Then Z9' U ZY> has exactly 48 c-matches.

- G1,Gy ¢ 3-CoL: For each of the two graphs, Z must introduce either a fourth
color or a monochromatic edge. There are four cases to consider:

Fourth color for G Monochrom. edge for G;

Fourth color for G, £2x1x4x1=64 P x2x4x1="172
Monochrom. edge for Go 42 x1x3x2=96 3*x2x3x2=108

We therefore see that every model contains at least 64 c-matches of ¢q. To
realize the minimal number, we let 7 (resp. 73) be a 4-coloring (resp. 4-
coloring) for G; (resp. G) and observe that Z9' UZ¥2 has exactly 64 c-matches.

This completes the case analysis and the proof. O

4.3 Exhaustive rooted CCQs over ALCHT

For the remainder of this chapter, we turn to exhaustive rooted CCQs and hence no
longer distinguish matches from counting matches. In this section, we investigate a
refinement of the interlacing function allowing us to obtain countermodels with
exponential size, if a countermodel does exist, yielding the coNEXP upper bound.
We proceed in two steps: in Section 4.3.1 we introduce the interlacing function f°¢
and verify the corresponding f°-interlacings have at most as many matches as the
initial models, in Section 4.3.2 we quotient these latter f°-interlacings to obtain
(counter)models with the claimed size. The equivalence relation used in this process
is very similar, but slightly more careful, than the one used in Section 3.2.3 to
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obtain “naive” finite models. In Section 4.3.3 we exhibit two matching lower bounds
for exhaustive rooted CCQ answering over ££ KBs and DL—LiterOS KBs respectively.
These two reductions are strongly inspired by a reduction in Lutz [2008| in the
context of rooted CQ answering over ALCZ KBs, known to be coNEXP-complete.

4.3.1 The interlacing function f°

We begin with a new refinement of the interlacing function. To introduce it, let
K :=(T,A) be an ALCHZ KB, Z a model of K, and ¢ an exhaustive rooted CCQ.
We recall that 2 denotes the set of heads of existential rules from 7, that A°
denotes the existential extraction of Z and that f : A° — A is the mapping used
to build this existential extraction (see Definition 19). We also recall that A* is
the subset of AT containing all individuals from A and all elements reached by
matches of ¢ in Z (see Definition 22).

We now explain the intuition underlying the new function f°. Consider the
Id-interlacing of Z, that is essentially its existential extraction equipped with a
basic interpretation. Notice f is a homomorphism from the Id-interlacing to Z,
ensuring the counting matches for ¢ in the Id-interlacing are contained in f~1(A*).
In the general setting, we considered an interlacing function collapsing back in
place all these elements from f~'(A*). However since ¢ is exhaustive rooted, it is
sufficient to put back in place only those connected components of f~*(A*) which
contain some individuals from the ABox. Indeed, elements from the |d-interlacing
involved in matches of ¢ must be connected by some path of variables in the query
to an individual name since ¢ is rooted, and the intermediate elements reached by
the match all belong to f~!(A*) since ¢ is exhaustive. This motivates the following
definition of f¢ which inductively starts from individuals and stops collapsing
elements back in place as soon as we leave f~'(A*).

Definition 42. The interlacing function f¢ is defined inductively as:

forAY s ATQ

a — a o0
flw-h) if fo(w) € A" and f(w-h) € A* o
w-ho { fe(w)-h otherwise <>i

Remark 18. Notice that in both Cases ¢y and o1, we have f°(w) = f(w).

The very first thing to do is to verify f¢ is pseudo-injective, as this gives
modelhood by Theorem 4.

Lemma 19. f° is pseudo-injective.

Proof. We need to prove that for all u and all v in A°, if f°(u) = f°(v), then
f(u) = f(v). We proceed by induction on u.
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u € Ind(A). By definition of f and f°¢ (case ¢p), we have f(u) = u and f°(u) = u.
Let v € A°. We distinguish the 3 possible cases for f°(v):

o ©1. Based on Remark 18, we have f°(v) = f(v). Therefore assuming
fo(u) = fo(v) gives f(u) = f(v).

o9. We have f°(v) = f°(w) - h. In particular f°(v) ¢ A*. Assuming

fo(u) = f°(v) yields a contradiction as f°(u) = u € Ind(A) C A*.

u = ug - h. If f°(u) is in Case ¢, then Remark 18 and the same arguments as in the
base case conclude (notice f°(u) € A* still holds). Otherwise, f°(u) is in
Case o9, that is f°(u) = f®(uo) - h ¢ A*. Let v € A°. If v is in Case o
or in Case ¢1, then f°(v) € A* which yields a contradiction. Otherwise,
v is in Case ©9, that is f°(v) = f°(vg) - ', with v = vy - A'. Assuming
fe(u) = f°(v) yields f(ug) = f°(vo) and h = h’. Induction hypothesis
gives f(ug) = f(vo). And from h = b’ we obtain f(ug-h) = f(vo - '),
that is f(u) = f(v). O

We now turn to the number of matches in the f°-interlacing, which is at most
the number of matches from the original model. The proof proceeds by a formal
explanation of the intuition previously presented.

Lemma 20. Z° has at most as many matches for q than L.

Proof. Consider a counting match 7 : ¢ — Z° of ¢ in Z°.

Let us first suppose that there is a counting variable z € z such that 7(z) ¢ A*,
in which case we must have 7(z) = t - w for some t € A* and some non-empty
word w € *. Since ¢ is exhaustive rooted, all intermediate elements t - w’
with w’ a prefix of w, must be reached by some other counting variables. In
particular, one of these counting variables, say 2y, must map onto t - h, with A the
first symbol of w. From the definition of f°, we also have a word w; such that
fe(wy) = f(wy) = t. However, via the homomorphism o (see Theorem 4), we can
transform 7 into a match o o7 : ¢ — Z in the original model Z. In particular, we
have o(m(z0)) = o(t-h) = o(f(wy)) - h) = o(f(wy - h)) = f(wy - h). Thus, f(w;-h)
belongs to the image of the match o o7 in Z. From the definition of A*, we can
thus infer that f(w, - h) € A*. But since f°(w;) =t € A* and f(w, - h) € A*, we
have f°(wy-h) = f(w;-h) € A*. This contradicts zy mapping onto t - h ¢ A*.
Therefore, there is no counting variable z € z mapping outside A*.

Hence, we have m(z) C A*. Then since oja- = Id, we have o o 7 = 7, which
shows that the mapping 7 — o o 7 is injective. In particular, Z contains at least as
many c-matches as Z*. O]

The obtained f°-interlacing Z° has a particular structure: it is essentially A*
enriched by tree-shaped structures. In contrast to the general case of CCQs,
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these tree-shaped structures do not contain any edges pointing back to A*, which
simplifies the structure of interlacings.

4.3.2 Quotients of f°-interlacings: a coNEXP upper bound

In this section, we briefly show how to quotient f¢-interlacings to obtain optimal
models with exponential size. This immediately yields the following result.

Theorem 23. Ezhaustive rooted CCQ answering over ALCHZI ontologies is in
coNEXP w.r.t. combined complezity.

It thus suffices to focus on the following.

Lemma 21. Let K be an ALCHZ KB, q an ezhaustive rooted CCQ and m a candi-
date integer. If a countermodel exists for m, then there exists such a countermodel
whose domain has an exponential number of elements w.r.t. combined complexity.

Proof. Recall that from Theorem 5, this is trivial if m is greater than the exponential
bound (w.r.t. combined complexity) exposed in Lemma 3. Henceforth we assume m
to be at most exponential w.r.t. combined complexity. Consider Z a countermodel
for m and Z° its f°-interlacing. Notice A* also has exponential size due to our
assumption on m. For each element of AT, we define its size: the size |a| of an
individual a is 1, the size |w - R.M| of a non-individual element w - R.M is |w]| + 1.
We now equip AZ° with the following equivalence relation ~: an element with size
less than |g| + 1 is only equivalent to itself, while two elements w; - hy and wy - hy
with size greater than |g| + 1 are equivalent iff they satisfy the same concepts,
hi = hy and |w;| = |wy] mod 3. Let @ denote the equivalence class of the element
uwrt~andp:d— d the canonical projection.

We claim that the interpretation M := Z°/ ~ with domain AZ°/ ~ and
interpretation of atomic concepts and roles given by - := po-Z* is a model. Notice
it has the desired number of elements as each equivalence class is: either an element
from Z° being at distance less than |¢| + 1 from A* (there can be exponentially
many such elements in the tree structure issuing from an element of A*, and A*
itself is exponential), or fully characterized by a set of concepts from sig(7), a role
or its inverse from sig(7") and another set of concepts from sig(7), and an integer
modulo 3. The full verification follows the proof of Theorem 5, to which we refer.

Furthermore, M has exactly as many matches as Z° since M and Z° both
coincide when restricted to their respective set of elements being at distance at
most |¢| + 1 from an element of A*. This concludes the proof that M is indeed a
countermodel with exponential size w.r.t. combined complexity. O]
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4.3.3 Two matching lower bounds with inverse roles

In this section, we exhibit two lower bounds matching the coNEXP upper bounds
from the previous section. These coNEXP-hardness results strongly rely on inverse
roles, together with role inclusions and DL-Lite concepts (DL—Lite;’:és), or with
EL concepts (ELT). Both proofs proceed by reduction from the exponential grid
tiling problem EXPTILING, as in Theorem 15, and borrow ideas from the reduction
for rooted CQ entailment over ALCZ ontologies developed in Lutz [2008]. We
recall that an instance of EXPTILING consists of a set C of colors, two relations
H,V C C x C that give the horizontal and vertical tiling conditions, and a number
n (given in unary). The task is to decide whether there exists a valid (#,))-tiling
of a 2™ x 2™ grid, i.e., a mapping 7 : {0,...,2" — 1} x {0,...,2" — 1} — C such
that (7(i,7),7(i +1,7)) € H for every 0 < i < 2" — 1 and (7(4,7),7(;,j + 1)) €V
for every 0 < j < 2™ —1.

To reuse ideas from Lutz [2008], which works with the more expressive ALCZ
ontologies, we first need to simulate very basic axioms such as GridPosition C
CiU...uCp, where each Cy,...C, are the colors from C, assigning a color to
an element being a grid position. In the general CCQ setting and, say, with
EL, such a task is fairly easy: simply require in the TBox that GridPosition C
JhasColor.Color and Cy C Color for each C), € C, provide an instance of each color
Ci(ck) in the ABox, and count instances of the concept Color with the CCQ. To
minimize the query, elements satisfying GridPosition will need to reuse the existing
instances of Color, hence satisfy JhasCol.C; U ... U JhasCol.C, which is a good
enough simulation of the previous ALC axiom.

This approach does not easily transfer with exhaustive rooted CCQs as the latter
require to count each intermediate element satisfying GridPosition prior to reaching
the Color instance of interest. In particular, we cannot enforce given instances of
Color to be reused as endpoints for the role hasCol. Instead, we can enforce in
the TBox that each instance of GridPosition must be connected to one instance
of each color, one of them being “Used”, as follows: GridPosition C JhasColor.Cy
for each C} € C and GridPosition C JhasColor.Used. If we are interested by
m elements satisfying GridPosition, we can count instances of the role hasColor
with a exhaustive rooted CCQ and expect the result to be m x |C| if the head
JhasColor.Used indeed collapses on one of the FhasColor.Cy. However, since we
are working with ££, hence without any form of disjointness, it could happen that
JhasColor.C; collapses on JFhasColor.Cs, hence reducing the number of matches.

Therefore, we also need to simulate axioms such as C; M Cy C L. This is
achieved by another part of the exhaustive rooted CC(Q which has the property of
admitting a big enough number of matches, that is more than m x |C|, as soon as
it detects the concept FhasColor.(Cy M Cq) on a GridPosition-element of interest.

The proofs of the two following theorems implement the preceding intuitions.
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We choose to focus on the case of DL—LiterOS as it is arguably a more distant

setting from ALCZ, explored in Lutz [2008], than ELZ. For the latter, we only
give indications on how to adapt the proof of the DL-Li’ceros situation but we don’t
redo all the arguments.

Remark 19. Readers familiar with the proofs from [Lutz, 2008] will notice several
differences with the original construction. This is due to rather non-trivial issues
we detected in those proofs when adapting their ideas to our counting queries.
Briefly, some collapsings of the constructed queries are not treated in the proofs
of Theorems 1 and 2 in the reference, while they actually provide matches for the
query. These latter matches however violate the key property used in the reduction:
they do not connect G-nodes agreeing on the interpretation of a given concept.
For example, such a collapsing of the query on Figure 2 in the reference can be
obtained by identifying variables v, and v,12, an option not considered in the
proof argument.

This issue has been reported in a personal communication with the author, who
addressed it with a rather elegant fix. The idea is to break the excessively symmetric
ways in which the query can match by requiring that it navigates from one tree
structure to another. This hence requires a duplication of the (exponentially large)
original tree structure, both being identified with dedicated concepts also added to the
query. Navigating from one tree to another is made possible via a single dedicated
edge, which provides the missing ingredient to fully control the collapsing of the
query using the intuition underlying the original construction.

Theorem 24. Ezhaustive rooted CCQ) answering over DL—Lz'teZ,f)s KBs is coNEXP-
hard.

Proof. In what follows, we consider an instance (n,C,H,V) of the EXPTILING
problem. To be able to test for the existence of a tiling of a 2" x 2" grid, we must
start by ensuring we can find (the encoding of) such a grid in each model. To
easily detect horizontal and vertical adjacency in this grid, it is appropriate to use
horizontal /vertical coordinates, and to ensure the reduction remains polynomial,
we need to use a binary encoding of these coordinates.

Knowledge Base. We first generate an exponentially-large tree Ty with 2™ x 27
leaves, each representing a possible horizontal-vertical coordinate (u, v) identified by
the m := 2n branchings leading to this leaf from an individual ag. For the reasons
explained in Remark 19, we also build a similar tree 77 rooted at an individuala;. As
we’ll further need to navigate these trees in both directions (symmetry) but also not
to go anywhere (reflexivity), we ask that branchings in the trees happen with the
composition of two roles. More precisely, facts Nextgk(el, es) and AltNextEk(eg, es3)
represents a branching in the tree T} from e; assigning b to the £ bit in the binary
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encoding of (u,v). We require Next}, to be a subrole of Next, and AltNexty, to
be a subrole of Next™, which allows us to move from e; to es, or vice-versa, by the
composition of Next followed by Next ™. Notice that this composition also allows
us to move from e; to ey or from ez to e3. This is achieved with the following facts
and axioms (for each ¢,b € {0,1} and 0 <i <m —1):

Node, o(at)
Node, ; C INexty;, J(Nexty;, )~ C Nodep; Nextp;,; E Next
Nodep; C JAItNextp; ; I(AltNextp;,,)” C Node,;,, AltNexty;,, & Next~

A node satisfying Node, ,, shall hence represent the encoding of one pair (u,v)
(seen as the concatenation of the binary encodings of u and v) in the tree T;. Note
that, due to our two-step-branching procedure, each element satisfying Node, ;,
which we henceforth term a Node, -element, is actually at depth 2k in the tree Tj
(and an element satisfying Node'to,k is at depth 2k + 1).

We desire three properties to hold when reaching a Node, , -element e:

1. e is required to satisfy the concept Fy and the concept JHasBity y.Bit;_y, if
the branch leading to e picks b as k' bit;

2. e is followed through a composition of roles Next and Next™ by a node ¢’
satisfying the concept G; and the concept dHasBity.Bity, if the branch leading
to e picks b as k" bit;

3. €' is required to be assigned a color ¢ € C, encoded as satisfying the concept
dHasCol.Color;

Notice that the concepts satisfied by a Fi-node shall encode the converse of the
branchings used to reach this node, while those satisfied by Gi-node shall match
these branchings.

So far, all this latter part about Fi-nodes and G¢-nodes is only a declaration of
intent. Let us clarify how to enforce all this. For Property 1, we add the following
axioms (for each t € {0,1}):

Ft E HTOBltO El(TOBlt())_ E Blto TOBltO E ToBit

Node, ,, C Fy
’ F, C 3ToBit,  3(ToBit;)~ C Bit,  ToBit, = ToBit
and also axioms (for each t € {0,1} and 1 <1i < m):
F; C JHasBit; J(HasBit;) ™ C ChosenBit; HasBit; T ToBit

Ensuring that each role HasBit; reuses the correct bit Bity or Bit; will be further
achieved via the query.
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For Property 2, we use the following axioms (for each ¢t € {0,1}):

F; C dGNext; dGNext; " C JAItGNext; JAItGNext;” C G

GNext, C Next AltGNext; C Next™

and we then assign bits in the very same manner has for Fy-nodes (for each ¢ € {0, 1}
and 1 <i<m):

G C dToBitg G C dToBit, G C dHasBit;

For Property 3, we proceed essentially as for bits, but here relying on the colors
available in the input set C. This is achieved with the following axioms (for each

t€{0,1} and c € C)
G C JToCol, 3(ToCol.)™ C Color, ToCol. C ToCol

G; C JHasCol JHasCol™ C ChosenColor HasCol C ToCol

And here again, ensuring the role HasCol points to a valid color will further be
achieved via the query.

This completes the description of the DL—LiteZ)'f)S TBox T, consisting of all the
preceding axioms. It remains to introduce the root r that will be used in the
query, an element a;/, connecting individuals ag and a;, and two elements lg and I;
to increase drastically the number of matches of some subqueries. Consider the

following assertions (for each t € {0,1}):
toStart(r, a;) Next (ag, a1/2) toLoader(at, lo) toLoader(ay, I1)

To conclude the construction of the KB, we introduce an auxiliary individual b
whose purpose is to ensure that each subquery can map at least once. It satisfies:
all concepts concept assertions B(b) with B a concept name previously mentioned,
all role assertions P(b,b) with P a role name previously mentioned, and the fact
toStart(r, b). We let A be the ABox consisting of the previous facts and K := (T, A)
the KB obtained from 7 and A. The intended structure of models of K is depicted
in Figure 4.3.

Query. We distinguish two main kinds of subqueries: structural subqueries and
consistency subqueries. Structural subqueries ensure that each model contains
the desired tree-shaped structures or yields too many matches to be optimal.
Consistency subqueries ensure models with the desired tree-shaped structures
either represent a valid tiling or yield at least one additional match.
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Figure 4.3: The intended structure of models of K. Dashed edges represent
toLoader-roles; the label % witnesses that all roles are satisfied on the loop (b, b).
We omitted the concepts and roles related to bits and colors.

We begin with the loading subquery ¢o.q, which contains a free variable z so
that copies of qoaq Will be instantiated for building the other structural subqueries.

M
Qoad (2) 1= Fz1, ... 2 toStart(r, z) A /\ toLoader(z, z;)
i=1

Notice that if z is mapped onto b, then there is in general only one way to map
the remaining variables from ¢oaq (all onto b as well). On the other hand, if z is
mapped onto ay or onto a;, then there are at least 2" ways to map these remaining
variables (each variable can be mapped either onto ly or l;). The exact value of M
will be specified later in the construction.

To ensure the tree-shaped structure is preserved, we first require the branchings
(leading to either Node?; or Nodej;) to be indeed branching, meaning we don’t
want these two concepts being witnessed by the same element. We proceed with
the following subqueries, each detecting a non-branching node at depth 2d, with
1<d<mandte{01}:

d—1
td —
Qpranch = dzo, ... 224 CI1oad(Zo) A /\ NeXt(Z2i> Z2i+l) A NeXt(Z2i+2> Z2i+1)
i=0

A Node{;(224) A Nodey ;(224)
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Let us emphasize that qé’fanch is rooted wvia its copy of qaq and that existentially-
quantified variables from ¢,.q are not shared with those of q}i’fanch.

We proceed as well with the Bity and Bit; branchings at each Fy and G¢-nodes,
with the following subqueries, each detecting collapsed Booleans coming from
a node at depth 2m (that is a Fi-node) or 2m + 2 (that is a G¢-node), with
d € {2m,2m + 2}:

d—1
(ool = 320, - - 224, % Quona(Z0) A /\ Next (22;, 22i+1) A Next(22i42, 22i+1)
i=0
A ToBit(za4, 2) A Bitg(z) A Bity(2)

Similar subqueries ¢} can detect if two different colors ¢, ¢ € C issuing from a

G¢-node are collapsed together.

We further detect if a branch loops back on itself, which can be captured by
detecting nodes satisfying concepts corresponding to different depths. Consider B,
and By two such concepts and consider the following subqueries, with 0 < d < m+1:

d-1
Qﬁip = 320, .. 224, Z Qoad(20) A /\ Next (295, 22i41) A Next (2212, 22i41)
i=0
A Bl(ng) VAN BQ(ZQd)
and for 1 <d <m+ 1:
d—2
2d—1 .
Boop = 20, 22d-1, Z Qload(20) A /\ Next (22i, 22i+1) A Next(22i42, 22i11)
i=0

A Next(224-2, 224-1) A Bi1(22d-1) A Ba(224-1)

Similar subqueries ¢, can detect if two branches issuing from the two different
trees collapse together.

To preserve the tree-shaped structure, it remains to detect two branches sepa-
rating at depth 2d and collapsing further together at depth 2d + 2p + 1. Consider
two concept name By and Bs, eventually equal, witnessing depth 2d + 2p 4+ 1 and
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consider the subquery with 0 <d <n—1and t € {0,1}:

t,2d,B1,B2 0 0 .1 1
Qeyele 1= 320, 224y 215 - - - Zaps 215+ - - Zapy 2 Qload (20)

A /\f;o1 Next(za;, 22i+1) A Next(z9;49, 22i+1)
A Next (224, 27) A Nodey o4 (29) A Next (29, 27)
A N2y Next(28;, 28:1) A Next (25,4, 28,41
ANext (224, 21) A Nodeg oq(25) A Next (23, 21)
A N2y Nexct (235, 23,1) A Next (25,5, 2311)
ANext(29,, z) A Next(zy,, z)

and this can be also obtained for even depths (2d + 2p) in a manner similar to the
preceding subqueries qfo‘igl.

Our next structural subqueries detect if a head HasBity from a Fi-nodes collapses
on the wrong head ToBit;, in the sense of the Property 1 previously exposed, that
is if it collapses on the bit-value corresponding to the branching leading to the F; of
interest. This is achieved with the following subqueries, with ¢t € {0,1}, 1 < k < m,

be{0,1}:
m—1
q?ﬁ;i = Jz0, ... Z2m, 2 Qoad(20) A /\ Next (29;, 22i+1) N Next (29,42, 22i41)
i=0
A Fi(z) A Nodep, (22¢) A ToBit (22, 2) A Bity(2) A ChosenBity(2)

Similarly, we detect if a head HasBity from a G¢-nodes collapses on the wrong
head ToBity, in the sense of the Property 2 previously exposed, that is, if it collapses
on the bit-value not corresponding to the branching leading to the Gy of interest.
This is achieved with the following subqueries, with ¢ € {0,1}, 1 < k < m,
be{0,1}:

m
t’k’b yp—
At *= 320, - - - Zomt2, % Quoad(20) N /\ Next (29;, 22i41) A Next (2242, 22i41)
=0

A G¢(z) A Nodep (z21) A ToBit (22, 2) A Bity_(2) A ChosenBity(2)

To conclude with the structural subqueries, we detect if there is a G¢-node at
depth less than expected, that is less than 2m + 2. Consider the subqueries, with
l1<d<mandte{01}:

d—1
Qéfldepth = o, ... 224 Qoad(20) A /\ Next (29;, 22i+1) A Next (29,42, 22i4+1)
i=0

A Gt(ZQd)
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We now move to consistency subqueries. Our first consistency subquery keeps
track of the elements used as bits, coming from either a F; or from a Gy, node at
depth d. Consider the two following subqueries with d € {2m, 2m + 1}:

d—1
q;i bool ‘= 320, - - - 224, z toStart(r, zg) A /\ Next (z2;, z2i11) A Next (29,42, 22i41)
i=0
A ToBit (224, 2)
A similar subquery qi{’gir counts the number of colors issuing from G¢-nodes.

Notice that if the tree-shaped structures are preserved in a model, we know
that there should be at least 2 x 2 x 2™ 4 1 matches for 3/}, from the two bits of
each of the 2™ Fi-nodes of each tree T; and from the individual b. The same holds
for qimbtil. For ¢3! ., we shall similarly expect [C| x 2 x 2™ + 1 matches. From
the combination of these three subqueries, one shall hence expect the product N
of these three numbers of matches, which is essentially |C| x 2*™. Recalling that
m = 2n and that n is given in unary, we can find an integer M with a polynomially
large binary encoding and such that 2 > N. This is how we set M in the subquery
load -

It can now be verified that if Z is a model minimizing the number of matches
for the (yet not fully-defined) query ¢ and that f : Cx — Z is a homomorphism
from the canonical model of IC, then Z satisfies the following property:

Property (x): f is injective for the tree-shaped structures of C issuing from ag and
from ay, except for those elements ending by either HasCol or by HasBit,; for any
1< <m.

We next discuss the parts of the query that are used to check the tiling conditions.
The general idea is as follows: say we have a model Z satisfying Property (x), then
either there is an element with shape a; - w - HasCol such that

f(ar-w-HasCol) ¢ {f(a; - w - ToCol.) | c € C},
in which case f(a; - w - HasCol) provides a new match for qi"”gir, or there is no
such element, in which case we can define two tilings 79 and 7; (maybe non-valid),
associated with the trees issuing from ay and aj, given by setting 7 (u,v) to the
color ¢ € C such that f(a;-w-HasCol) = f(a;-w-ToCol.), and where w corresponds
to the branchings encoding the coordinate (u,v). We first require that 7o = 7 and
further test if 75, hence also 7 is valid. We hence need to check whether a Gg-node
and a Gi-node correspond to the same coordinates. To do so, we borrow a (slightly
patched version of) the query used in Lutz [2008], which allows us to check if two
such nodes agree on the interpretation of a given bit 1 < km. This is achieved with
the following subquery ¢* . ;. (29, 2(M), where 2(® and 2(!) are the two variables
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intended to map on the nodes of interest, and which is depicted in Figure 4.4:

2 1y Zamass 215 - - Zhnyss Z0vals Zé,uala Z4m-+4,val s Zéllm+4,val
toStart(r, zom12) A toStart(r, 25, o) A Go(2@) A Gy (2V)
AN Nexct (2a:, 20i41) A Next (2gi19, 20ir1) A Next (2h;, 2hi 1) A Next (25,9, 25i11)
ANext (2o, 25) A Next(zg, 2) A Next (2ama, Zimaa) A Next (2], 45 Zimaa)
ANext (2o, z_1) A Next(z_1, 2) A Next (25, 2" ;) A Next (2" |, ()
ANext (2am14; Zamts) A Next (zams, 2V) A Next (24,14, z4m+5) A Next (2,5, 2)
AToBit (20, 20.0a1) A ChosenBity (20.va1) A Bito(20,va1)
NToBit (2, 2 ,41) A ChosenBity (2g ) A Bit1(2) 4q1)
AToBit (24m+4, Zam+ava) N ChosenBity (24m14.va1) A Bit1 (2am+a.0a1)
(24

NToBit (24,44 Z4m+4 vat) ChOSGHBltk(Z4m+4 vat) B1t0<Z4m+4 val)

It can be verified that, in a model minimizing the number of matches, hence
satisfying Property (%), if ¢% . i (2, 21)) admits a non-trivial match, that is not
a simple collapse on the individual b, then z(® maps onto a Gy-node and 2 maps
onto a Gi-node such that both these nodes agree on the k" bit of the coordinates
they encode. Indeed, to eliminate the 6-cycle in the query going through z(©, z
and z), one has to collapse 2(”) on either z, or z) (the case of zo collapsing on
2{ is excluded as it would trigger a structural subquery qubi’t or qG blt due to the
image of z, having admitting the two possible values for its £ bit, hence violating
cither Property 1 or Property 2). Say z(®) collapse with z. Since z(*) maps onto a
Gg-node and that there exists no path shorter than 2m + 2 to reach the root of the
tree (otherwise one structural subquery q(();’fidepth would trigger), it enforces 2o, 2 to
map on ag. But in that case, it is therefore impossible for 2" to similarly collapse
on Zym,i4 as, for the same reason, it would enforce zy,,12 to map in a;. However, if
2 collapses on 2, 44, and hence 24,44 collapses with the corresponding F;-node,
then a match becomes possible as the 2 moves made available in the path bridging
20 and 24,14 in query can now be used to move from a; to a;. Therefore, either
2 collapses on 2z, and 2™ on 2} 14, agreeing on a value of 0 for the kth-bit, or
2 collapses on 2, and 21 on 2444 agreeing on a value of 1 for the k** bit.

We therefore detect if the two tilings 71 and 7, differ with the following subqueries
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Figure 4.4: The query ¢* ... (2(?), 2(1)). For readability, several variable names
have been omitted and non-labeled edges depict Next-atoms.
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¢“¢ defined for each ¢, ¢ € C such that ¢ # ¢ as follows.

c,c! 0
q = ElZ(O)7 7 201)7 col /\ QSame b1t (0) ( ))

0
0

1
0

A ToCol(z
A ToCol(z!

) A ChosenColor(z

N A Colore (%)
) A ChosenColor(z!

)
[
) A Colore (24,))

()
cl
()
cl

To detect adjacency, we remark that two grid positions (hy,vy), (he,vs) €
{0,...,2" — 1} x {0,...,2" — 1} are vertically adjacent iff:

- hy = hs, so the binary encodings of h; and hy are the same;

- vy = v1 + 1, so the binary encodings of v, and v; are the same until, at some
point, v, ends with 1 - 0¥ while v; ends with 0 - 1%,

To detect a violation of the vertical tiling condition (i.e. two vertically adjacent tiles
with colors ¢ and ¢’ such that (¢, ') ¢ V), we need n queries, one for each possible
position where the bit from the vertical coordinates differ. For each 1 < k < n, we
create a subquery ¢"(“)* defined as follows.

Vi(ed)k _ 3,00 )’Z(O) 0 @ (1 0 1)

q n—Fk * - Rop 5 R n—k * - Zon Zcol ’ Zcol

n+k—2

/\ qéame bit(z(O)a Z(l))
i=1

A ToBit (2, 2{” ) A ChosenBit,,_ (2" ) A Bito(z?,)
2n
A /\ ToBit(z(O),zi(O))/\ChosenBiti(zi(O))/\Bitl(zi(o))
i=n—k+1

A ToBit (29, 2! W ) A\ ChosenBit,,_(z, W ») A Bity(z, W v)

2n
A /\ ToBit (2, zi(l)) A ChosenBiti(zi(l)) A Bito(zi(l))
i=n—k+1

A ToCol(2(©, zg))l)) A ChosenColor(z
A ToCol(zW, ZS)I)) A ChosenColor(z

0
0

1
0

) A Color,(z! Z,, )

)
l
)) A Colore (1)

(
(

We can proceed as well to detect the horizontal violations, and we now let ¢ be the
conjunction of all the preceding subqueries.
To conclude from here, it suffices to prove the following claim:

[N +1,400] is a certain answer for ¢ over K iff (n,C,H,V) ¢ EXPTILING.
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(=) Assume [N + 1, +00] is a certain answer for ¢ over K and consider a tiling
7 of exponential grid. One can build a model Z,of K satisfying Properties 1, 2,
3 and (%) to represent this tiling 7 in a both trees issuing from a, and a;. By
construction, there shall be no matches for structural subqueries, hence a priori
the only N matches in Z, from the three subqueries counting bit-like and color-like
elements. However, since [N + 1, +00] is a certain answer for g over K, there exists
an additional match in Z., distinct from the N above. It can be verified that
this can only comes from one of the subquery checking the validity of the tiling
(such as ¢*(¢“)*¥). By construction of Z,, the Gy and G; yielding this extra match
correspond to a violation of the tiling 7, hence not being valid. As this holds for
any initial choice of 7, it ensures that (n,C,H,V) ¢ EXPTILING.

(<) If [N+ 1,+00] is not a certain answer for ¢ over K, then there exists a
countermodel Z for N + 1. Therefore no structural subquery triggers in the
structures issuing from ap and a; as that would lead to 2 matches, being at least
N + 1, hence contradicting Z being a countermodel for N 4+ 1. We hence have the
N basics matches counted by the three subqueries 7%, qimbtil and qi”gir It
the G¢ are not reusing colors already counted by qi""gﬁ)r, then it yields a new match
for this latter subquery and again contradicts Z being a countermodel for N + 1.
Therefore we can extract the two encoded tilings 7; and 7, and the subqueries ¢
not admitting extra matches (again, that would contradict the countermodelhood
of T) ensures 7, = 75. From the subqueries ¢*(“¢)* not admitting extra matches,
we derive that 7 is a valid tiling, hence (n,C,H,V) € EXPTILING. O

We now explain how to adapt the construction to £L£Z ontologies, essentially
by replacing each combination of DL—Lite?fos axioms AC JR, FR"CBand RC S
by the ELZ axiom A C 3S.B.

Theorem 25. Ezxhaustive rooted CC(Q) answering over ELL KBs is coNEXP-hard.

Proof. As already mentioned, we replace each combination of DL—Lite;)’Lf)s axioms

ACdR,dR™ E B and R C S by the ££7 axiom A C 3S.B. For example, the first
block of axioms, generating most of the tree structures, becomes (for the relevant

values of t, b and 1):
Node, ; C INext.Nodep;

NodeEi C dNext™.Node ;

Proceeding similarly for the subroles creating the G¢-nodes, the subroles creating
the bits and those creating the colors, we end up with an ££Z TBox. If suffices
now to notice that the rest of proof can remain unchanged as, in particular, we
made sure not to use any subsumed roles in the query (which could have slightly

simplified the DL—Lite?:és construction), hence ¢ doesn’t require any update. O
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4.4 Further refinements for ALCH

In this section, we devise a procedure to compute the tightest certain answer to
exhaustive rooted CCQs over ALCH KBs. The key ingredient is another refinement
of interlacings leading to optimal models consisting of an enriched version of the
ABox, that is, only involving individuals from the input ABox, completed as a
model by directed tree-shaped structures (intuitively, the lack of inverse roles make
all roles point in the same direction: deeper in the tree). Such directionality
drastically restricts how the rooted CCQ can map into the tree-shaped structures,
which allows for local characterizations of matches that require only polynomial
space, while still being sufficient to capture the global number of matches. Verifying
these local characterizations can be pieced together leads to an essentially PSPACE
algorithm, similar in spirit to fork-rewriting approaches [Lutz, 2008] but also to the
pattern-based approach developed in Chapter 3. For ALC and its extension ALCH,
the satisfiability check of the interpretation underlying each local characterization
however requires an EXP procedure (see Theorem 3), hence an overall complexity of
EXP for these two sublogics. The complexity drops to PSPACE for ££H | ontologies
for which the satisfiability check can be performed in P. The EXP matching lower
bound is inherited from the analogous lower bound for the satisfiability problem,
while the PSPACE lower bound proceeds by reduction from the Quantified Boolean
Formula problem (QBF) using some original tricks also used in the preceding proof
of Theorem 25.

4.4.1 The interlacing function f*

We begin with a new refinement f* of the interlacing function. To introduce it, let
K :=(T,A) be an ALCH KB, Z a model of K, and ¢ an exhaustive rooted CCQ.
We recall again that (2 denotes the set of heads of existential rules from 7T, that
A° denotes the existential extraction of Z and that f : A° — A7 is the mapping
used to build this existential extraction (see Definition 19). We also recall that A*
is the subset of AZ containing all individuals from A and all elements reached by
matches of ¢ in Z (see Definition 22).

The idea underlying f* is to obtain a forest model of I, that is, a model
consisting of an interpretation over Ind(.A) extended with tree-shaped structures
rooted on individuals from Ind(.A), with at most as many matches as in Z. The
major improvement of such a model compared to our previous approaches is that
the central domain of the forest-model is Ind(.A) instead of A*, the latter being
eventually exponentially large. Existence of such forest models is already used
to answer CQs over expressive DLs such as SH |[Lutz, 2008|. However, existing
constructions essentially consist in considering the Id-interlacing of Z, which may
contain more matches than the original model Z. Indeed, apart from several ABox
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Figure 4.5: A model Z, of K. from Example 16. Labels for concept A (on each
visible vertex) and role S (on each visible edge) are omitted.

facts not being reused, we may need to merge together two elements w - R.B; and
w - R.By from the ld-interlacing to minimize the number of matches for any role
subsuming R (e.¢. R itself). Surprisingly, for exhaustive rooted CCQs and in the
absence of inverse roles, this is all we need to modify in the Id-interlacing to obtain
a model with at most as many matches than in the original model.

To identify which such elements should be identified, we simply mimic the
initial model Z and capture its behavior through the following equivalence relations
on heads from 2.

Definition 43. Let e be an element of Z. We define an equivalence relation ~. on

elements of 1: two elements hy and hy of Q are equivalent w.r.t. e iff succﬁl(e) and

succ%z(e) are both defined and equal. We denote by 1 the equivalence class of h

for relation ~..

We can now define the new interlacing function f*, which, as explained, reuses
facts from A when Z does (only as long as we remain among the individuals Ind(A),
for the same reasons as explained in Section 4.3.1), and further identifies elements
from the existential extraction according to the equivalence relations defined just
above.

Definition 44. The interlacing function f* is defined inductively as:
f*:A° — Ind(A) - (29"

a +— a *0
{ flw-h) if fX(w) € Ind(A) and f(w-h) € Ind(A) %

w-h — —f(w) .
[ (w)-h otherwise *9

Remark 20. Notice that in both Cases xg and x1, we have f*(w) = f(w).
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Figure 4.6: Initial portion of the f*-interlacing of Z.. Labels for concept A (on
cach visible vertex) and role S (on each visible edge) have been omitted.

Example 16. We illustrate this construction with the KB IC. given by the following
ABoz A, := {A(a), A(b), S(a,b)} and the following TBox Te:
ACJdR;.A ACdJR;, A ALCdR3A
RiCS R, ES Rs C S
RiMRy C L

A model I, of K. is depicted in Figure 4.5. Its f*-interlacing IT* is depicted in
Figure 4.6. Notice the two directed tree-shaped structures issuing from a and b.

We now verify that f* is pseudo-injective to ensure modelhood of the resulting
f*-interlacing Z* via Theorem 4.

Lemma 22. f* is pseudo-injective.

Proof. We need to prove that for all v and all v in A°, if f*(u) = f*(v), then
f(u) = f(v). We proceed by induction on w.

u € Ind(A). By definition of f and f* (case %), we have f(u) = u and f*(u) = u.
Let v € A°. We distinguish the 3 possible cases for f*(v):
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*o *1. Based on Remark 20, we have f*(v) = f(v). Therefore assuming

fr(w) = f*(v) gives f(u) = f(v).

*x3. We have f*(v) = f*(w) - h . In particular f*(v) ¢ Ind(A). Assum-
ing f*(u) = f*(v) yields a contradiction as f*(u) = u € Ind(A).

u=ug - h. If f*(u) is in Case %, then Remark 20 and the same arguments as in
the base case conclude (notice f*(u) € Ind(.A) still holds). Otherwise,
f*(u) is in Case %, that is f*(u) = f*(uo) -Ef(u[)). Let v e A° Ifvisin

Case % or in Case %, then f*(v) € Ind(.A), which yields a contradiction.
—f(
Otherwise, v is in Case %o, that is f*(v) = f*(vo) - I/ ( O), with v = v - h/.
— f(u —f(v
Assuming f*(u) = f*(v) yields f*(ug) = f*(vo) and hf( R ( 0).

Induction hypothesis gives f(ug) = f(vp). In particular, it ensures
h ~ o) I, that is succk(f(ug)) = succk/(f(ug)). The definition of f
hence gives f(ug-h) = f(vg - R'), that is f(u) = f(v). O

It remains to consider the matches of ¢ in the f*-interlacing Z*. Importantly,
all the construction above is query independent (observe that we do not rely on A*
to define f*), which leads to the following statement.

Lemma 23. Let Z* be the f*-interlacing of Z. For every erhaustive rooted C'CQ q,
there are at most as many matches of q in I* as there are in L.

Proof. Let g be an exhaustive rooted CC(Q. We prove that o injects matches of
Z* into matches of Z (we recall o : T8 — 7 is the homomorphism obtained in
Theorem 4). Let m; and 7o be two matches ¢ — Z* such that o o m; = 0 o m.We
prove by induction on each connected component p of ¢ that (1), = (m2)|, on p.
It is therefore sufficient to focus on the case of a connected exhaustive rooted CCQ
q (so that p = ¢ and (m), = m and (7)), = m2).

Base case: individual terms of ¢q. Consider an individual a occurring in q.
Since m; and 7y are matches, they satisfy in particular that 7 (a) = ma(a).

Induction case. Consider a counting variable z of ¢ which is connected by a
role P to a term ¢ being closer to an individual than 2 is. The induction hypothesis
hence ensures that m(t) = m(t). There are two main cases to distinguish based on
the direction of the connection, that is either P(z,t) € ¢ or P(¢,2) € q.

Subcase P(t,2) € ¢q. Since 7 is a match, we have (m(t),71(2)) € PZ". In
the absence of inverse roles, it only yields Cases Vo and V. from the definition of
PZ" (see Definition 20). The same holds for m,, yielding 4 subcases:
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Vo -

Vo -

Vi -

Vi -

. In particular, we have m(2), m3(z) € Ind(A). Therefore o(m (z)) = m1(2)

and o(my(z)) = m2(2). Recalling the assumption o o m; = ¢ o my yields

m1(2) = ma(2).

. From Case Vg on 7; we obtain my(t), m1(2) € Ind(A) and o(m(2)) = m1(2).

From Case V, on 7y, we can write (me(t), ma(2)) as (f*(w), f*(w - h)). On
the first hand, from 7 (t) = mo(t) we get f*(w) € Ind(A). On the second
hand, from o0 om = o om and f = oo f*, we obtain f*(w - h) € Ind(A).
Therefore, f*(w - h) is in Case x; and we have f*(w-h) = f(w - h), that is
mo(2) = o(me(2)) by reusing f = o o f*. Recalling 0 o m; = 0 0 7y, we now
obtain m(z) = ma(2).

. Symmetric to the previous case Vg - V.

. From both cases V., we can write (m(t),m1(2)) as (f*(w), f*(wy - hy))

and (mo(t), m2(2)) as (f*(ws), f*(wy - hy)). From m(t) = m(t) we get
f*(wy) = f*(wy). From com = oom and f = o o f*, we obtain
f(wy) = f(wy) and f(wy - hy) = f(ws - he). Combining the latter with the
definition of f gives us succi (f(w1)) = succk (f(w2)), which, when further
combined with the former equality, yields hy ~f(,,) ho. Altogether, this
ensures f*(wq - hy) = f*(wq - ha), that is m(z) = ma(2).

Subcase P(z,t) € q. Since 7 is a match, we have (m(2),m(t)) € PZ". In
the absence of inverse roles, it only yields Cases Vo and V. from the definition of

. From Case V( on m; we obtain m(2), 71 (t) € Ind(.A) and a(7r1 (1))

The same holds for s, yielding 4 subcases:

In particular, we have m(z), ma(z) € Ind(A). Therefore o(m(2)) = m1(2)
and o(my(z)) = m2(2). Recalling the assumption o o m; = ¢ o m yields
m(2) = ma(2).

mi(t).

From Case V on my, we can write (my(z), m2(t)) as (f*(w), f*(w-h)). From
m1(t) = m2(t) we now get f*(w - h) € Ind(A). Hence f*(w) € Ind(.A), that
is mo(2) € Ind(A), and we conclude as in case Vg - V.

. Symmetric to the previous case Vg - V.

. From both cases V., we can write (m(t),m1(2)) as (f*(wy), f*(wy - hy))

and (ma(t), m2(2)) as (f*(ws), f*(wy - hy)). From m(t) = m(t) we get
fX(wy - hy) = f*(wsq - hy). If this latter common value belongs to Ind(A),
then so do f*(w;) and f*(ws) and we conclude as in the subcase V¢ - V.

Otherwise, we must have f*(w; - hy) = f*(wy) ~E{(wl) and f*(wsy - hy) =

pZ.
Vo - Vo-
Vo - Vi
Vi - Vo
VARV

126

Q. MANIERE



4. Rooted CCQs

S ws) Ty Recall f(wi - hy) = f*(ws - ho), hence f*(wy) = f*(ws),
that is m(2) = m(2). O

4.4.2 A PSPACE algorithm, up to satisfiability

The goal of this section is to establish the following result, relying on the structure
of f*-interlacings.

Theorem 26. Let £ be a subclass of ACCH KBs and denote by SAT(L) the
satisfiability problem of L KBs. There exists a PSPACE algorithm with access to a
SAT(L) oracle for answering exhaustive rooted CCQ over L.

We obtain the following two corollaries for fragments of ALCH.
Corollary 4. Ezhaustive rooted CCQ answering over ALCH ontologies is in EXP.

Proof. Since SAT(ALCH) € EXP (see Theorem 3) and that PSPACE C EXP,
Theorem 26 yields an overall EXP procedure. O]

Corollary 5. FEzxhaustive rooted CCQ) answering over ELH | ontologies is in
PSPACE.

Proof. Since SAT(ELH ) € P and that P C PSPACE, Theorem 26 yields an overall
PSPACE procedure. O

The remainder of this section is devoted to the proof of Theorem 26. Let
K = (T,A) be an ALCH KB, ¢ be an exhaustive rooted CCQ and m be a
candidate integer. We prove that if a countermodel for m exists, then its existence
can be checked in NPSPACE (up to satisfiability checks), which yields a coNPSPACE
(again, up to satisfiability checks) procedure. Savitch’s theorem [Savitch, 1970] and
closure of PSPACE under complement then concludes the proof. We start by giving
a general intuition of our approach.

Assume that there exists a countermodel Z for m, and let Z* be its f*-interlacing.
Consider a match 7 of an exhaustive rooted CCQ ¢ in Z*. The query ¢ can be
decomposed into a subquery pg C ¢ mapped by 7 onto Ind(A) and other subqueries
1, .- - P € ¢ mapping to directed-tree shaped structures Ti,...Ty of Z*, each T;
being a set of words admitting a; - h; as a prefix for some individual a; € Ind(.A)
and some equivalence class h; C Q. If we fix m,,, subqueries py,...p, C ¢, and the
aj - hj, then the number of matches of ¢ mapping py as m,, and each p; to each T;
can simply be obtained by multiplying the number of matches of each p; in each
T; that can be consistently assembled with ), . The number of matches of ¢ in
Z* can then be obtained by forming the sum of these products over each possible
choice of m,,, subqueries pq,...p; C ¢ and a; - h;.
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The key ingredient is hence the number of matches of p; in T; that are consistent
with 7). Since ¢ is rooted, py cannot be empty, hence p; has to reach aj - h;.
Since there are no inverse roles, the variables of p; that shall map onto a; - h; are
fully decided and further variables must map further in 7;. Since g is exhaustive
there can be no “blank” steps, hence the number of such further matches can
be decomposed as we did with ¢: as the sum, over ways to split p; into further
structures of T}, of the number of matches induced by each such split, which itself
can be obtained as a product.

Our procedure starts by guessing an interpretation corresponding to Z* restricted
to Ind(A) and all elements with shape a - A (the first layer of anonymous elements
in Z*), together with a promise function y indicating the number of matches one
can expect for each relevant p C ¢ in the directed tree-structure following each
a - h. Importantly, the number of such p to be considered is polynomial (due to the
absence of inverse roles in the directed tree-structure, each relevant p is essentially
characterized by which variable of ¢ maps onto a - h), so that x has polynomial
size as a function. The procedure further checks the consistency of the promise
X by guessing how each a - h further extends (that is, guessing elements of Z*
with shape a- h - A’ and an extension of the promise y to these elements). This
is performed in a depth-first manner so that we can drop information each time
we reach a depth greater than |¢|, hence only using a polynomial amount of space.
Satisfiability is checked at each step, hence the need for an oracle for SAT(L), so
that if no inconsistency is detected at the end, the union of all guessed branches
can be extended to a model (recall we only guess the first |¢| layers of Z* along the
procedure), whose number of matches is encoded in the initial interpretation and
promise.

We now move to a proper proof. Again, let K := (T ,.A) be a ALCH KB, ¢
an exhaustive rooted CCQ and m be a candidate integer. Let us recall that if
m is greater than some exponential bound M depending only on K and ¢ (see
Theorem 3), then [m,+o0] is not a certain answer and we can return false. We
henceforth assume m < M. To identify how constrained are the mappings ¢
in directed tree structures, we introduce the following notions enlightening the
dependencies between terms of a query.

Definition 45. Let s € terms(q). The possible depths Ag(t) of terms t € terms(q)
relative to s are defined inductively as the smallest sets such that for all t,u €
terms(q), all role names P and all integers n > 0, we have:

0 € Ag(s)
ne Ay(t) AN Plt,u)eq - n+1e Ay(u)
n+1¢e Ayt) A P(u,t) € g — n € Ag(u)

We say that a term t € terms(q) depends on s if Ag(t) # 0. We denote dep(s) the
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Figure 4.7: The query q. from Example 17.

set of terms depending on s and denote g, 1= qaep(s) the query restricted to terms
depending on s.

We say a term s from q is tree-mappable if dep(s)NInd = O and for all t € dep(s)
the set A4(t) is a singleton. We denote by Vanon by the set of tree-mappable terms.
If $ € Vanon, we define 0, : dep(s) — N the function that maps a term t depending
on s to the single element of As(t) and call it the depth of t relative to s.

Remark 21. Notice that for all s € terms(q), we have s € dep(s). The two
conditions for a term to be tree-mappable reflect the facts that: all individuals can
only match on themselves; if a term depending on s has two possible depths, then
there exists a cycle in the query that cannot be collapsed onto a directed tree-shaped
structure. In particular, individuals are not tree-mappable.

One situation is of particular interest, namely when two terms of ¢ have relative
depth to each other of 0, i.e. two terms ¢; and ¢y such that &, (t2) = 0 (which
implies d¢,(t1) = 0). These are two terms satisfying that if ¢, maps in an directed
tree-shaped structure, then ¢, must map on the same element from the structure.
Keeping track of these “equivalent” variables is primordial to avoid counting as
different the matches of ¢;, and of ¢,,.

Lemma 24. Let s1, 52 € Vapon, we denote s1 ~ sq iff 65, (s2) = 0. The relation ~
defines an equivalence relation on Vanon.

Proof. Reflexivity is trivial. To prove symmetry, that is ds,(s2) = 0 implies
Js,(s1) = 0, one simply follows backwards the sequence of atoms leading from s;
to so. Transitivity is obtained by concatenating the two intermediate sequences.
More generally, one can prove that if d;,(s2) = k and ds,(s3) = k', then 6, (s3) =
kE+ K. O
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Example 17. Consider the exhaustive rooted CCQ) q., depicted in Figure 4.7, and
defined as follows:

Ge = 320,21, 22, 23,2, 21, % S(a,z0) A S(z0,21) AN S(z1,22) A S(22,23)
A S(z,21) N S(z1,25) A S(21,23)

One can verify that §,,(z3) = 2 while 6,,(z1) is undefined. Furthermore, since
0., () = 0, we have z; ~ 2. Similarly zo ~ z, holds, while z; 7 2. Continuing
Ezample 16, the model I, has 144 matches (among which 36 map z to a, 36 map
21 to b, and 72 map z1 to ) for the query qe, while its f*-interlacing T* only has
40 matches for q..

We now abstract the branches one can encounter in f*-interlacings as follows.

Definition 46. Let W be a word from W :={e}U{a-hy---h,|a€lInd(A),h; €
28 n > 0}, where € denotes the empty word. A W-branch B is an interpretation
whose domain AP is divided into two disjoints sets of elements:

- a set inner(B) of inner elements being all individuals from Ind(A) and all
prefizes of W,

- a set front(B) of frontier elements with shapes w - h such that w is an inner
element of B and h a set of heads.

and such that:
1. BE A;
2. B is T -satisfiable;

8. For all role names P, we have: (u,v) € P® iff either u,v € Ind(A) orv=wu-h
and h contains some head R.B such that T =R C P;

4. No rule apply on inner elements of B, i.e. there are no R.B € €2 and e €
inner(B) such that there exists A T AR.B € T with e € A® and e ¢ (IR.B)E.

Example 18. Figures 4.8a, 4.8b and 4.8c depict respectively an e-branch B, q
b-{Ry.A, Rs.A}-branch BY, and a b - {Ry.A,R3. A} - {R;.A}-branch B®. Inner
elements are indicated using square-purple and frontier elements by circle-green.

As explained before, we now introduce a promise to specify how many matches
for each ¢; can be found in the directed tree-structure following each non-individual
element.

Definition 47. A weighted branch (B, x) is a branch B along with a promise x, that
is a family X := (Xw)wear\ind Where each X, is a function terms(q) — {0,... M}.
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(c) The b- {Rs.A, R3.A} - {R;.A}-branch B,

Figure 4.8: The tree branches B(), B and B® from Example 18. Labels for
concept A (on each visible vertex) and role S (on each visible edge) are omitted.
Inner elements are indicated using square-purple and frontier elements by circle-
green.

Counting Queries in Ontology-Based Data Access 131



4.4. Further refinements for ALCH

Remark 22. The exponential bound M allows x to be described in polynomial
size. Without such a bound, we would have to consider functions terms(q) — N,
that might be impossible to fully guess in polynomial space.

As we need to combine weighted branches together, it is useful to define the
notion of induced weighted branches.

Definition 48. Let (B, x) is a weighted-W -branch and that w is a prefic of W. The
induced weighted-w-branch of (B, x) is the biggest (w.r.t. inclusion of interpretations
and inclusions of functions) weighted-w-branch that is included in (B, x).

Remark 23. The above definition is slightly abusive as we need in general to
modify the inner and frontier sets of elements: if w - h is also a prefiz of W, then
we must allow w - h to be moved from the inner elements of the weighted-W -branch
to the frontier elements of the (induced) weighted-w-branch.

To check whether a promise is coherent w.r.t. the weighted branch it belongs to,
we verify that the encoded numbers of matches promised by x on inner elements
correspond to those that can be inferred from a combination of a partial match on
B and the promised numbers of matches at further elements. To formalize this, we
define a split of the query ¢, a notion inspired by the fork-rewriting approach (see
e.g. Lutz [2008]).

Definition 49. Let p C q be a subquery of ¢ and © : p — B a match. We say 7
splits q over (B, x) iff:
1. For all vy, vy such that w(vy),m(ve) € AB\ Ind, if v1 ~ vy then w(v1) = 7(va);
2. For all v such that 7(v) € front(B), we have X (v) # 0.
3. The following is a partition of terms(q):

(terms(p) \ 7 *(front(B))) U {dep(v) | v € 7—L(front(B))}

And we hence restrict ourselves to valid weighted branches.

Definition 50. A weighted branch (B, x) is valid if the two following conditions
are satisfied:

1. For allw € AB\Ind and for all vi,vs € Vanon, if U1 ~ vy then Xu(v1) = Xuw(v2);

2. For all w € inner(B) \ Ind and all v € terms(q), we have:

Xw@) = > II @)

'T(-‘Q'U v’
7 splits q over B v/ E€terms(qy)
m(v)=w Su(v))=1
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20 2 A 2 22 Xy 23
Xa-{R1.A,Rs.A} 16 16 0 0 0 0 O
Xb-{R2.A,R3.A} 0O 0 8 8 2 1 1
Xb-{Rg.A,R3.A}-{R2.A,R3.A} 0O 0 0 0 2 1 1
Xb-{Rz.A,Rs.A}-{Ry.A} 0o 0 0 0 2 1 1
Xb-{R2.A,R3.A}-{R1.A}-{R1.A} 0O 0 0 0 0 0 1
Xb-{Rs.A,R3.A}-{R1.A}{RaARzA}) O 0 0 0 0 0 1

Table 4.2: The promise ¥ for Example 19.

In that case, we define the number of matches mp, encoded in (B, x) as:

Mpy = Z H Xr(w) (V)

T splits7(r] over B vete:)ms(q)
m(v)Efront(B)
Remark 24. The product from Condition 2 is well defined as, despite the fact that
we iterate over equivalence classes of terms of q (with relative depth from v equal
to 1), the choice of witness doesn’t matter due to Condition 1 and the first item of
the definition of a split. Furthermore, notice that Condition 2 can be checked in
polynomial space by enumerating the splits of ¢ over B and incrementing a counter,
despite the fact that there might exist exponentially many such splits.

Example 19. Consider the promise X for the branch B (see Evample 18 and
Figure 4.8c) given in Table 4.2. It can be verified that (B, x()) is a valid weighted
b-{Ry.A,R3.A} - {R1.A}-branch. By restricting x'? to the elements of BY), resp.
B, we obtain a promise xV, resp. x\9, such that (BY, xV) is a valid weighted
b-{Ry.A, R3.A}-branch, resp. (B, x9) is a valid weighted e-branch. The latter
two are the induced b-{Ry.A, R3.A}-branch and the induced e-branch of (B®, x2)).
All these weighted branches have an encoded number of matches of 40. For example,
one can consider the following split of q over (IB%(O), X(O)):

20, Z(,) —a- {R,I.A, RgA}

whose contribution in the sum defining mgo ) s XS-?RLA Ry} (20) = 16 (recall
0 0 :
-%Rl.A,Rg.A}(zO) or Xz(;%Rl.A,R:,».A}(Zé)’ which are
equal, but do not combine both). Another split of of q over (B, x©)) is:

2o ~ z{, hence we consider either Xi

/ / /
20, 205 21, 21 — b 29, 26 +— b - {R2.A,R3.A}

whose contribution is XS%RQ.A Ry.A} (22) X Xt(f%RQ.A Ry} (22) =2 X 1 (recall z5 o 23).
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Data: ALCH KB K := (T, .A), exhaustive rooted CCQ ¢, integer m.
Result: May return yes iff [m, +00] is not a certain answer of ¢ w.r.t. K.
(B, x) < Guess a candidate weighted-e-branch.
VVIim —¢€
if (B, x) is not a valid weighted e-branch or m < mg, then
| return no
end
while there exists W € front(B) with |W| < |g| + 2 and W > W},, do
W' < smallest W € front(B) s.t. [W| < |g| +2 and W > Wy,
(B’, x') <= Guess a candidate weighted W’-branch.
w < longest common prefix of Wi, and W’
(B1, x1) < induced weighted w-branch of (B, x)
(B2, x2) < induced weighted w-branch of (B', \’)
if (B',x’) is not a valid weighted W'-branch or (By, x1) # (B2, x2) then

| return no
end
(B, x) < (B, X)
I/Vlim <~ W/
end
return yes

Algorithm 1: An algorithm for exhaustive rooted CCQ answering in ALCH.

We assume fixed a depth-first ordering on the set of words W = {¢} U {a-
hi---h, | a € Ind(A),h; € 2% n > 0}, where ¢ denotes the empty word, and
consider the coNPSPACE procedure described by Algorithm 1. Observe the SAT(L)
oracle is needed to test whether the guessed branches are valid weighted branches.

We now prove the central lemma of this section, which concludes the proof of
Theorem 26.

Lemma 25. There exists a countermodel for m iff there exists an accepting
computation for Algorithm 1.

Proof. We prove the two directions in turn.

(=) If there exists a countermodel Z, then consider its f*-interlacing Z*. An
accepting run can be obtained by extracting branches from Z* and setting promises
as follows:

{0,... M}

Xw : terms(q) —
t — #{me | m:q—T*is amatchs.t. 7(t) = w}
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(<) If there exists an accepting run, let us consider wy, ... wg all intermediate
values of Wy, and (Bg, x0), - - - (B, xx—1) the corresponding values of (B, x) (in
particular wy := ¢€). Let us consider the interpretation obtained as Z := U?:o B,
along with the promise obtained as the union of all intermediate promises y :=
ULy (06

We prove that Z can be completed into a countermodel for m. From the
satisfiability checks performed at each step (when verifying that the guessed
branches are indeed branches, see Condition 2 of Definition 46),it follows that one
can extend Z into a complete model Z.,;. Importantly, since branches require that
no rule applies on inner elements and that each element from Z at distance less
than |¢| + 1 from the individuals is an inner element of some encountered branch,
this extension Z.,; can be obtained without introducing any element at distance
less than |g| + 1 from the individuals. To prove the extension Z.,; has less than m
matches, it hence suffices to prove that this holds for the interpretation Z. To do
so, we prove the following property, henceforth referred to as Property (%):

Vw € AT Vt € terms(q), xu(t) = #{mq, | 7 : ¢ — T is a match s.t. 7(t) = w}

To see how Property (%) will conclude the proof, it suffices to notice that for all
branches B € {By,...Bg}, the set of matches of ¢ in Z can be decomposed as

follows:
U {7 A8\ front(B) | X H {,0|qv

LT v
7 splits ¢ over B vEterms(q)

m(v)€Efront(B)

p:q— 1 is a match
s.t. p(v) = 7(v)

In particular for B = By and if Property (x) holds, this is exactly the comparison
with m performed at the beginning of the algorithm.

We henceforth focus on proving Property (x). We proceed by a descending
induction on elements of Z, with respect to the depth-first order chosen on words W.
For an element w at depth |g| 4+ 1, the sum in the definition of x,, must be empty
since ¢ is rooted, hence y,, is the function always equal to 0. For the same reason
of ¢ being rooted, {7, | 7: ¢ — I is a match s.t. () = w} must be empty, hence
the desired equality. For the induction case, consider an element w € A at depth
at most |¢| and assume Property (x) holds for deeper elements. By construction
of Z, there must exists k£ such that Wj, = w and consider then the corresponding
weighted w-branch (Bg, xx) C (Z, x). Fix a term t € terms(q) and specialize the
decomposition above to the branch B, and to matches mapping ¢ onto w. Since w
is a inner element of By, one simply obtains the following decomposition:

U {Wka \front(]Bk)} X H {P|qv

LT v
7 splits g over By, vEterms(q)

w(t)=w m(v)Efront(By)

p:q— I is a match
s.t. p(v) = 7w(v)

Counting Queries in Ontology-Based Data Access 135



4.4. Further refinements for ALCH

Consider now only the restriction of those matches to ¢;, that is exactly the set
appearing in the RHS of Property (%), which hence decomposes as:

U {(W\ABk\front(Ek))Mt} X H {<p|qv)|(h

.o v
7 splits q over By, vEterms(q)
*(t)=w m(v)Efront(By)

p:q— I is a match
s.t. p(v) = 7(v)

Since 7(t) = w and that w ¢ front(By), the terms in the product are always empty
unless v € dep(t), and since frontier elements are exactly 1 step away from an inner
element, we must have more precisely d;(v) = 1. Hence the simplification:

U {(77|ABk\front(JBk))|qt} X H {quv

., T v
7 splits g over By vEterms(gt)

w(t)=w bt (v)=1

p:q— 1 is a match
s.t. p(v) = 7(v)

If we consider the above in terms of cardinality, we can apply the induction
hypothesis to obtain the following:

#{mg | m: g — T is amatch s.t. 7(t) = w} = Z H Xr(v) (V)

m splits gover By veter?ns(qt)
m(t)=w dt(v)=1
From the Condition 2 of (B, xx) being a valid weighted-branch, we now obtain
that the RHS of this equality is exactly x.,(t), hence the Property (%) for w. O

4.4.3 Matching lower bounds

In this section, we exhibit two lower bounds for exhaustive rooted CCQ answering
in ALCH ontologies. As we have seen in Section 4.4.2, the complexity of our
algorithm to answer such queries drops from EXP to PSPACE when moving from
ALC to ELH |, as the corresponding satisfiability problem gets easier. Our first
lower bound emphasizes that satisfiability is indeed the limiting factor by trivially
reducing the EXP-complete satisfiability problem over ALC to ours.

Theorem 27. Ezhaustive rooted CCQ answering over ALC ontologies is EXP-hard
w.r.t. combined complexity.

Proof. We proceed by reduction from the EXP-complete concept satisfiability
problem with an ALC TBox (see Schild [1991]). Let 7 be an ALC TBox and C
be the concept of interest. We claim that: C is satisfiable w.r.t. 7T iff 2 is not a
certain answer to ¢ := C(a) over the KB (7,{C(a)}). If C is satisfiable, then there
exists a model for (77, {C(a)}), which obviously yields a single match for ¢, hence it
is a countermodel for 2. Conversely, if 2 is not a certain answer, then there exists a
model of (7, {C(a)}), witnessing the satisfiability of C w.r.t. T. O
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For restrictions of ELH |, we obtain a PSPACE lower bound for ££ by a more
involved reduction from the Quantified Satisfiability (QBF) problem. Interestingly,
this construction strongly relies on a binary encoding of the input integer. Whether
the complexity drops if the integer is encoded in unary remains an open question.

Theorem 28. Ezhaustive rooted CCQ answering over EL ontologies is PSPACE-
hard w.r.t. combined complexity.

Proof. We reduce (the complement of) the Quantified Boolean Formula problem
(QBF) known to be PSPACE-complete (see e.g. Sipser [1996]). QBF takes as input
a Boolean formula with shape Vz13y ...V, 3y, ¢(z1, 91, ..., Tn, Yn), Where ¢ is a
quantifier-free Boolean formula, and decides if this formula is true.

Let F' := Vx3y ...V, Iy, é(x1,41,...,Tn, yn) be an instance of QBF. We
build a knowledge base K, an exhaustive rooted CCQ ¢ and an integer N such that
N + 1 is a certain answer to q over K iff F' is false. We are interested in optimal
models, that are models minimizing the number of matches for g.

Intuitively, we want each model Z to generate all possible assignments for the
universally quantified variables, which is represented as a tree-shaped structure
in Z, and pick along each branch one assignment for the existentially quantified
variables. At each leaf the formula ¢ is evaluated and a part g, of the query ¢
detects if this returns False. If the whole formula F' is true, there exists a model
without such a match for g, and it gives a countermodel for N 4 1. Otherwise each
model must contain this additional match and N + 1 is a certain answer.

The main challenge is to ensure assignments represented at each node in the
tree uses only two Boolean values, True or False. With exhaustive rooted queries
we cannot simply count the number of elements used as Boolean in our models and
set N = 2 so that optimal models only use two Booleans. Indeed, to detect such a
Boolean-like element, the query ¢ has to keep track of the whole path between its
root and the element of interest. Since we want our tree to contain 2" leaves, that
is, a total of 2" — 1 nodes (including the root), we should consider 2 x (2"! — 2)
Boolean-like elements (2 per anonymous node). In particular, it means that we
want optimal models to contains at least that many matches coming from their
tree-shaped structure, and therefore, if this structure collapses in a model, then
it must come at the cost of at least that many matches (so that we can focus on
models in which the tree-shaped structure does not collapse).

This tree-shaped structure is rooted on an individual, namely a and further
generated with the TBox and the use of a single role, namely “next” (x). Since we
need a single-exponential number of nodes, each node of interest can be generated
within polynomial depth n, which can be reached by our rooted query (). To
prevent an optimal model to collapse the tree-shaped structure, we take advantage
of (x) and (1) which ensures the number of shapes of cycles to exclude is polynomial.
Each such shape is excluded from optimal model with the help of a subquery ¢
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which itself contains a “loading subquery”, namely go.q- This loading subquery
satisfies the property that if ¢’ maps in the tree-shaped structure of Z, that is, if
¢’ detects the shape of cycle in this structure, then it allows gioaq to map in 2
different manners in the ABox, with M big enough to make Z non-optimal.

Knowledge Base. We first generate the exponentially large tree. The branching
containing concept name Node!, resp. Node!, represents an assignment in which
the universally quantified variable x; should be true, resp. false:

Node; C dnext.Node{,; Node{,; T Nodej;q

Nodey(a
(@) Node; C Jnext.Nodel,; Nodel,; C Nodejs

(0<i<n-1)

We now require that a node at depth 7 assigns a valuation to each variable z; and
y; with 7 <4, and that it provides at least the two usual Boolean values represented
by concepts True and False:

Node; T FtoBool. True Node; C JdtoBool.EVar;

Node; T JtoBool.False Node; C JtoBool.UVar; l<j<i<n)

We now evaluate ¢ inductively at each node. The concept IsTruey, resp. IsFalsey,
indicates that the subformula v occurring in ¢ evaluates to True, resp. False. We
start with the case of a single variable:

Jtobool.(True M EVar;) C IsTrue,, Jtobool.(True M UVar;) C IsTrue,,
Jtobool.(False M EVar;) C IsFalse,, dtobool.(False M UVar;) C IsFalsey,

Case of a conjunction:

IsTruey, MIsTruey, T IsTruey,
IsFalse,, C IsFalsey, (¥ = 11 A by occurs in ¢)
IsFalsey, C IsFalsey,

Case of a disjunction:

IsTruey, C IsTruey,
IsTruey, C IsTruey, (¢ =11 V 1y occurs in ¢)
IsFalsey, MIsFalsey, T IsFalsey

Case of a negation:

IsFalsey C IsTruey,
IsTruey, C IsFalsey,

(¢ = =) occurs in @)

The preceding axioms together ensure that each leaf, that is, a node satisfying
Node,, satisfies IsTrue, or IsFalsey. Note that it is possible that internal nodes,
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satisfying Node; for some ¢ < n, can already satisfy these two concepts. This won’t
interfere with the number of matches for the query as the corresponding subquery
will ask for a path of length exactly n from the root.

It remains to introduce the root that will be used in the query and the two
elements allowing for the loading subquery to increase drastically the number of
matches:

toStart(r, a) toLoader(a, lp) toLoader(a, I1)

To conclude the construction of the KB, we introduce an auxiliary individual b
whose purpose is to let each subquery map at least once. In particular, it satisfies all
concepts names previously mentioned, which we don’t recap here, and the following
role assertions:

toStart(r, b) toLoader(b, b) next(b, b) toBool(b, b)

Query. We distinguish two main kinds of subqueries: structural subqueries
and consistency subqueries. Structural subqueries ensure each model contains the
desired tree-shape structured or yields too many matches to be optimal. Consistency
subqueries ensure models in the first case either represent proper assignments for
variables or yields at least one additional match.

We begin with the loading subquery ¢,.q, which contains a free variable 2z so
that copies of ¢i0aq Will be instantiated for building the other structural subqueries.

M
Qoad (2) 1= Fz1, ..., 25 toStart(r, z) A /\ toLoader(z, z;)
i=1

Notice that if z is mapped onto b, then there is in general only one way to map
the remaining variables from g.q (all onto b as well). On the other hand, if z is
mapped on a, then there are at least 2 ways to map these remaining variables
(each variable can be mapped onto either Iy or l;). The exact value of M will be
specified later in the construction.

To ensure the desired tree-shaped structure, we first require the branching
(leading to either Node! or Node!) to be indeed branching, meaning we don’t
want these two concepts being witnessed by the same element. We proceed with
the following subqueries, each detecting a non-branching node at depth d, with
1<d<n:

d—1
G e = 320, - -+, 2d Qoad(20) A /\ next(z;, zi41) A Nodely(z4) A Nodel,(z4)
i=0

We proceed as well with the True and False branching at each node, with the
following subqueries, each detecting collapsed Booleans coming from a node at
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depth d, with 1 < d < n:

d—1
G0 =320, ... 2a, 2 Quoaa(20) A /\ next(z;, zi+1) AtoBool(z4, 2) ATrue(z) AFalse(z)
i=0

We further detect if a branch loops back on itself. We proceed with the following
subqueries, each detecting a branch whose d* and (d + p + 1)'" nodes are merged,
with0<d<n—1land0<p<n-—1-—d:

d+p—1
ql‘iop =320, . -, Zdtp Qload(20) A /\ next(z;, zi+1) A next(2g4p, 24)
i=0
To ensure a tree-shaped structure, it remains to detect two branches separating at

depth d and collapsing further together, the first after p additional nodes and the
second after ¢ additional nodes, with 0 <d<n—-—1and 0<p,g<n—1-—d:

dp,q . _ t t f d—1
Qeyete = T20, 3 2dy 20, -+ Zpy Zys - - ,z({, 2 Qioad (20) N N next(z;, 2i41)

Anext(z4, 25) A Nodely, ; (25) A AV—, next (2!, 2L, 1) A next(z,, z)
Anext(zq, 20 ) A Nodegﬂ(z{;) AN, next(z/, Zi]:_l) Anext(z], z)

We now move to the consistency subqueries. Our first consistency subquery
keeps track of the elements used as Boolean values. We count elements used as
Boolean values coming from a node at depth d, with 1 < d < n:

d—1
qi bool ‘= 320, - - ., 24, 2 toStart(r, z9) A /\ next(z;, zi+1) A toBool(zg, 2)
i=0

Notice that due to the subqueries ¢f_ ;, we know that there should be at least 2
such elements for each node at depth d in the tree-shaped structure. Therefore,
in a model exhibiting the desired tree-shaped structure, qi ool Vields at least 24+1
matches plus 1 on b. For the combination of all g% 1, for 1 < d < n, one shall
hence expect [[},_, (2™ — 1) matches, which is essentially 20("*) Since n is given
in unary (it is the essentially the number of variables in F'), we can find an integer
M with a polynomially large binary encoding and such that 2" > N. This is how
we set M in the subquery qoaq-

We now detect if the assignment for an existentially quantified variable yq
(hence chosen for some node at depth d), here True, isn’t preserved at some further
node at depth d+ k, with 1 <d<n—-—1land 1<k <n-—d:

ydq,True,k

d+k—1
qassign

= J20,..., 24, Zark, 2, 2 toStart(r, z0) A \;Zg next(zi, Zip1)
AtoBool(zg4, z) A EVarg(z) A True(z)
AtoBool(z41k, 2') A EVari(z') A False(2')
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We do the same in case the chosen assignment is False:

= 320,..., 24, Za+k, 2, 2 toStart(r, zp) A /\?Lf—l next(z;, zi11)
AtoBool(zg, z) A EVark(z) A False(z)
AtoBool(zgik, 2') A EVar(z') A True(2')

yq,False k
assign

We proceed as well with universally quantified variable x4, whose valuation,
here True, should be decided by the branching following a node at depth d — 1
and then be preserved at further nodes, here at depth d 4+ k, with 1 < d <n and
0<k<n-—d:

x4, True,k
assign

= Jz0,..., 24, Zark, 2 tOStart(r, zg) A /\?:ég_l next(z;, zi11)

ANodef(zq) A toBool(z41x, 2) A UVarg(z) A False(z)
We do the same if the chosen assignment is False:
d+k—1

= 320,..., 24, Zd+k, 2 toStart(r, 20) A Ny next(z;, zit1)
ANodef|(z4) A toBool(zgyx, 2) A UVary(2) A True(z)

zq,Falsek
assign

Finally, we detect if an assignment at a leaf evaluates the formula to false:

n—1
qp = 320, . .., Zn, 2 tOStart(r, zp) A /\ next(z;, zi41) A IsFalsey(z,,)
i=0

We now set ¢ to be the conjunction of all the above subqueries and complete
the reduction by proving the following claim:

F is false iff NV + 1 is a certain answer to g over .

(=). Assume F is false. Consider a model Z of IC, and let f be a homomorphism
from the canonical model Cx of K to Z. We focus on how the tree-shaped structure
consisting of elements of A°* with prefix a embeds into Z. If an element a-w € A%<
is such that f(a-w) € (Node!NNode})Z, then it yields 2/ matches for the subquery
q}ﬂnch. The other subqueries can independently collapse on b, ensuring the whole ¢
admits at least 2" matches. Since we set M and N such that 2 > N, we obtain at
least the desired N +1 matches in Z. Similarly, one can eliminate models containing
loops (2™ matches for a subquery ¢f’ ), cycles (2" matches for a subquery qfféﬁ),
or elements representing both true and false (2" matches for ¢f. ;).

In the remaining models of K, there are at least N matches for gupoo as
explained when setting the correct value for M. In a model Z, if an element f(a-w)
does not reuse its two already counted True and False Booleans, that is there exists

some concept EVary (or UVary) with k < |w]| such that a-w-toBool. {EVar,} € A<
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but f(a-w-toBool.{EVary}) ¢ {f(a-w-toBool.{True}), f(a-w -toBool.{False})},

then it yields a new match for q%ool and we are done. Otherwise, each such
node f(a-w) is connected to an element satisfying EVary M True or to an element
satisfying EVary M False, for each k£ < |w|. This defines a valuation at this node
for the |w| first existential variables y, ... yq which we denote 7, : {y1,... v} —
{True, False}. We proceed as well with the |w| first universal variables to extend
Tw 88 Ty : {x1,Y1 .. Ta, ya} — {True, False}.

If w,w' € A% with w a prefix of w’ but that 7, C 7./, then it yields an additional
match for ngs’glue’p or for qZQS’iF;;llse’p , where vy, is the existential or universal variable
on which 7, and 7, disagree, and where p is the integer such that |w'| = |w| + p.

Recall now that F' is false, hence there must exists a valuation, say True, of
x1 such that whatever the valuation of y; the remaining F} of the formula is false.
Consider hence the element f(a - next.{Node}, Node;}) in Z, and remark we can

SSUIME T,.pext.{Nodet,Node; } (T1) = True (otherwise it would yield an additional match

for qjsls’g]ue’o) and that this valuation and the one for y; is now fixed for further

elements. But since F} is false, we can iterate until we reach depth n, for which we
have an element a - w € A’ with |w| = d whose valuation 7,, is such that F,, that
is ¢, must be false. Therefore the element f(a-w) yields a new match for ¢, and
we are done.

(<). Assume F is true. We briefly explain how to obtain a model with exactly
N matches from the canonical model Cx of K. Since F' is true, for each case 1 =0
or x1 = 1, there exists a valuation of y; such that the remainder of the formula is
true. Say that for 1 = 1 we need to set y; = 0. Then we consider Cx in which we
identify all elements with shape a - next.{Node{, Node; } - w - toBool.{UVar;} with
the element a-next.{Node}, Node; } - w - toBool.{True} and all elements with shape
a-next.{Node}, Node; } w-toBool.{EVar; } with the element a-next.{Node!, Node, }-
w - toBool.{False}. We proceed similarly on the side of z; = 0, according to the
required valuation of y;, and further iterate this construction.

From the tree-shaped structure of the canonical model, even with our slight
modifications, it can be verified that no structural subquery can map in the
structure issuing from a. The consistency queries q;;bool indeed yield N matches
from the remaining Booleans in this structure and from their match on b, while
other consistency subqueries can only map onto b. In particular, since F' is true,
such a construction does not trigger the concept IsFalse, on elements a - w with
|w| = n, hence ¢, can only map onto b. O]

We also close the case of data complexity for ££ with the following theorem.

Theorem 29. Ezhaustive rooted CCQ answering over EL is coNP-complete w.r.t.
data complexity.
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Proof. The main idea is the same as in proof of Theorem 21. However, due to the
lack of existential variables, we can no longer ‘reach’ the colors without taking into
account the paths leading to them. To address this difficulty, we translate into our
context an idea from Kostylev and Reutter [2015], which takes advantage of role
inclusions.

Starting from an instance G = (V, ) of the decision problem 3-COL, we consider
the ABox Ag given by:

Ag = {toVertex(a,u) | u € V} U {Vertex(u) | u € V}
U {Edge(u1,u2) | (u1,u2) € €}
U {toVertex(a, a,), Colors(ay, a, ), Monochrom(a, )}
U U{Colors(u, ru), R(ry), Colors(u, g,), G(g,), Colors(u, by), B(b,) }

uey

and the TBox T containing axiom Vertex T JColors.Used, and each following
axiom for C € {R, G, B}:

dColors.(C M Used) M JFEdge.(IColors.(C M Used)) C Monochrom.

and we denote by Kg = (7, Ag) the resulting KB. A part of the canonical model
of Kg is depicted in Figure 4.9. We use Vertex C JColors.Used to assign colors to
vertices.

We consider the two following exhaustive rooted CCQs:

“dge — 3z, toVertex(a, z,,) A Monochrom(z,,)

¢“" = 3z, 3z toVertex(a, z,) A Colors(z,, 2)

q

and let ¢ be the query obtained by taking the conjunction of these two queries and
keeping all of the variables existentially quantified. The query ¢ is displayed in
Figure 4.10. Observe that compared to the query from the proof of Theorem 21
(see Figure 4.2), the part of the query detectecing monochromatic edges has been
internalized into the TBox T .

It is not hard to see that [3|V| + 1, +00] is a certain answer to ¢ over Kg. Indeed,
there are at least 3|V| matches of ¢ in any model Z of G, obtained as follows:

Zm > ay Zp > U zer gl by (weV)
and one additional match given by:
Zms Zuy 2 F> Ay

To complete the proof, we establish the following claim:

[3|V| + 2, +00] is a certain answer to g over K¢ iif G ¢ 3-COL.
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Figure 4.9: A part of Cx, with (u;,us) € &.
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Figure 4.10: The exhaustive rooted CCQ ¢, which is the conjunction of ¢*¢ (left
part) and ¢® (right part).

(=) This direction is proven in the same manner as the claim in the proof of
Theorem 21. We assume [3|V| + 2, +o0] is a certain answer and take a possible
coloring 7 : V — {r,g,b}. We then use 7 to build a model Z, of g and use the
existence of an additional match 7 to show that 7 contains a monochromatic edge
(hence G ¢ 3-CoL).

(<) Assume G ¢ 3-CoL, and take some model Z of Cg. There is a homomorphism
f:Cxy — I. Define 7: V — AZ as follows: 7(u) = f(u- Colors.{Used}). Note
that 7 is well defined, as the inclusion Vertex C JColors.Used ensures that there is
an element u - Colors.{Used} in Cx,. There are two cases to consider:

- If there exists u € V such that 7(u) ¢ {ry,g.,b.}, then it provides an
additional match of ¢®" in Z with z + 7(u) and z, — u”.

- Else, since G ¢ 3-COL, there exists an edge (ug,uz) € € such that 7(uy) = ¢,
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and 7(uz2) = ¢, for some ¢ € {r,g,b}. The corresponding axiom

3Colors.(C M Used) M FEdge.(3Colors.(C M Used)) C Monochrom

edge

hence triggers and yields a new match for ¢**¢ given by:

Zm > Uy

In both cases, there is an additional c-match for g. We thus obtain that [3|V| +
2, +00] is certain answer to g over Kg. O]

We can adapt the previous reduction to prove DP-hardness w.r.t. data complexity
of the corresponding problem of tight exhaustive rooted CCQ answering.

Theorem 30. Tight exhaustive rooted CCQ answering over EL ontologies is
coNP-complete w.r.t. data complexity.

Proof. We give a reduction from the following problem (DP-complete due to Garey
et al. [1976]): given planar graphs G; := (V1,&1) and Gy := (W5, &), decide if
g1 € 3-CoL and Gy ¢ 3-CoL. The proof proceeds w.r.t. the proof of Theorem 29
exactly as the proof of Theorem 22 proceeds w.r.t. the proof of Theorem 21, that
is by introducing an asymmetry in the query on the G;-side. The only difference
is that the basic number of matches on the side of G, is (3|Vy| 4+ 1) x (3|V1]| + 1)
instead of 3 x 3, and similarly for Gy, it is 3|V,| + 1 instead of 3. This slightly
modifies the case analysis as follows:

g, € 3-CoL G ¢ 3-CoL

QQ € 3-CoL (3|V1| + 1)2 X (3|V2’ + 1) (3|V1| + 2)2 X (3|V2| + 1)
Gs ¢ 3-CoL (BVi| + 1) x (3|Va] + 2) (BV1] +2)2 x (3|Vs] + 2)

One can easily verify these 4 numbers are always distinct, hence the claim becomes:

[(B[V1] + 1)% x (3|Va] +2), +00] is the tightest certain answer
iff
g1 € 3-CoL and G, ¢ 3-COL. O

4.5 Refinements within DL-Lite

In the previous section, we investigated how the absence of inverse roles allows us
to lower the combined complexity of answering exhaustive rooted CCQs. We now
turn to DL-Lite’! . KBs, for which we already know that inverse roles coupled with
role inclusions, a combination allowed in DL—Lite;’i,s, leads to a coNEXP-complete

problem (see Theorems 23 and 24).
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In Section 4.5.1, we close the case of DL—LiteZ’is by showing coNP-hardness in
data complexity, hence matching the upper bound from the general case (Theo-
rem 6). We further move to DL-Litece and exhibit the central property of this
section, namely that the canonical model yields the optimal number of matches for
exhaustive rooted CCQs over DL-Lite.,e KBs. This property has been indepen-
dently used in Calvanese et al. [2020a], from which an L upper bound is derived. A
similar property in the bag semantics counterpart of DL-Litecye has been exploited
in Nikolaou et al. [2019] for CQ entailment, though reducing one setting to the other
seems non-trivial (see Example 1 in Calvanese et al. [2020a]). In Sections 4.5.2
and 4.5.3, we explore the consequence of this property on combined, resp. data,
complexity for answering exhaustive rooted CCQs in DL-Litecy.. More precisely,
we prove that the problem becomes PP-complete for combined complexity, hence
in PSPACE, while it becomes TC® for data complexity.

Let us also recall that for every DL-Lite’ . KB K, it is well known the set of
concept names M occurring in an element w - R.M € A% of the canonical model of
KC contains exactly those concept names entailed by the concept IR~ [Calvanese

et al., 2007b]. We will hence omit such sets of concept names M within this section.

4.5.1 From DL-Lite’

core

to DL-Lite..

We begin by closing the case of DL—Lite?fos, hence also of DL-Lite’ _, by proving
that exhaustive rooted CCQ answering over such KBs is coNP-hard w.r.t. data
complexity, hence coNP-complete from Theorem 7. This is shown by another
reduction from 3-COL which involves ideas from our proof of Theorem 21 and the

proof of Lemma 16 from Kostylev and Reutter [2015].

Theorem 31. In DL-Lite!*

vos: €rhaustive rooted CCQ) answering is coNP-complete
w.r.t. data complexity.

Proof. The main idea is the same as in the proof of Theorem 21. However, due to
the lack of existential variables, we can no longer ‘reach’ the colors without taking
into account the paths leading to them. To address this difficulty, we translate into
our context an idea from Kostylev and Reutter [2015], which takes advantage of
role inclusions.

Starting from an instance G = (V, &) of the decision problem 3-COL, we consider
the ABox Ag given by:

Ag = {toVertex(a,u) | u € V} U{Vertex(u) | u € V}
U {Edge(u, up) | (u1,us) € E}
U {toVertex(a, a,), Edge(ay, a,), HasCol(a,, r) }
U {Colors(u,r) | uw € V} U {Colors(u,g) | u € V} U {Colors(u,b) | v € V}
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and the TBox T := {Vertex C FHasCol, HasCol C Colors}, and we denote by
Kg = (T, Ag) the resulting KB. A part of the canonical model of Kg is depicted in
Figure 4.11. As in the proof of Theorem 21, we use Vertex C JFHasCol to assign
colors to vertices, and the more general role Colors will be used to detect colors.

u; - HasCol
jan)
%
Q
=
Colors Vertex

up

¢
N Edge
toVertex (Q
a———— " s,
e®
%

uz
Vertex
3
3
fou]
u, - HasCol
HasCol

Figure 4.11: A part of Cx, with (u1,us) € &.

We consider the two following exhaustive rooted CCQs:

q°%° = 3z, 321 Iz, toVertex(a, z1) A toVertex(a, z;)
A Edge(z1, z9) A HasCol(zy, z.) A HasCol(zy, z.)
¢“ = 3z, 3z toVertex(a, z,) A Colors(z,, 2)

and let ¢ be the query obtained by taking the conjunction of these two queries
and keeping all of the variables existentially quantified. The query ¢ is displayed
in Figure 4.12. Observe that while it is similar to the query from the proof of
Theorem 21 (see Figure 4.2), the two existential variables in that query (y.,y) have
been replaced with counting variables (z., z,), and one of the HasCol atom has
been changed to a Colors atom.

It is not hard to see that [3|V| + 1, +00] is a certain answer to ¢ over Kg. Indeed,
there are at least 3|V| matches of ¢ in any model Z of G, obtained as follows:

21, %9 > ay Ze kT zyu(uel) z—r|glb
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21
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@

22

Figure 4.12: The exhaustive rooted CCQ ¢, which is the conjunction of ¢®¥9¢ (left
part) and ¢° (right part).

and one additional match given by:
21, 22,2y F7 ay Ze, B2 ¥

To complete the proof, we establish the following claim:

[B|V| + 2, +00] is a certain answer to q over Kg iif G ¢ 3-COL.

(=) This direction is proven in the same manner as the claim in the proof of
Theorem 21. We assume [3|V| + 2, +00] is a certain answer and take a possible
coloring 7 : V — {r,g,b}. We then use 7 to build a model Z, of g and use the
existence of an additional match 7 to show that 7 contains a monochromatic edge
(hence G ¢ 3-CoL).

(<) Assume G ¢ 3-CoL, and take some model Z of Cg. There is a homomorphism
f:Cxy — I. Define 7: V — AT as follows: 7(u) = f(u- HasCol). Note that 7 is
well defined, as the inclusion Vertex = dHasCol ensures that there is an element
u - HasCol in Ci,. There are two cases to consider:

- If there exists u € V such that 7(u) ¢ {r,g,b}, then the axiom HasCol C
Colors ensures (u”,7(u)) € Colors”, which provides an additional match of
q®°" in Z with z — 7(u) and z, — u”.

- Else, since G ¢ 3-CoL, there exists an edge (uy,us) € € such that 7(uy) =
T(ug). It yields a new match given by:

2y r zZyrray, Zibr Uz Uy zZe e T(ug) (= T(u2))

In both cases, there is an additional c-match for q. We thus obtain that [3|V] +
2, 400] is certain answer to ¢ over Kg. ]
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We can adapt the previous reduction to prove DP-hardness w.r.t. data complexity
of the corresponding problem of tight exhaustive rooted CCQ answering.

Theorem 32. Tight exhaustive rooted CCQ) answering over DL—Lite?;f)s

1s coNP-complete w.r.t. data complexity.

ontologies

Proof. Here again we proceed by reduction from the DP-complete problem of
deciding if G; € 3-CoL and G, ¢ 3-COL. given planar graphs G; := (V1, &) and
Gs := (Vs,&). The proof proceeds w.r.t. the proof of Theorem 31 exactly as the
proof of Theorem 22 proceeds w.r.t. the proof of Theorem 21, that is by introducing
an asymmetry in the query on the G;-side. The only salient difference is that the
basic number of matches on the side of Gy is (3|V1| + 1) x (3|V1| + 1) instead of
3 x 3, and similarly for G, it is 3|Vs| + 1 instead of 3. The case analysis is modified
as follows:

G € 3-CoL G, ¢ 3-CoL

G, € 3-CoL (3|V1| + 1)2 X (3|V2’ + 1) (3|V1| + 2)2 X (3|V2| + 1)
gg ¢ 3-CoL (3|V1| + 1)2 X (3|V2’ + 2) (3|V1| + 2)2 X (3|V2| + 2)

One can easily verify these 4 numbers are always distinct, hence the claim becomes:

[(B[V1] + 1)% x (3]Va] + 2), +00] is the tightest certain answer
iff
Gi € 3-CoL and G, ¢ 3-COL. O

We now move to DL-Liteye and start by recalling Lemma 16, which highlights
an important property of the canonical model construction for DL-Lite.,. KBs.

Lemma 26 (Recalling Lemma 16). For any role R € NfFE and anonymous element
dy in the canonical model Cxc of a DL-Litecoe KB IC, there is at most one element

dy € Cic such that (dy,dy) € RE%.

This leads to the following central property, which ensures it is sufficient to
compute the number of matches of an exhaustive rooted CCQ over the canonical
model of a DL-Litec,. KB to answer it.

Theorem 33. For every DL-Litecore KB K and exhaustive rooted CCQ) q, the
minimum number of matches of q¢ across models of K is reached in the canonical
model of K.

Proof. Exploiting the structure of DL-Litecye canonical models, we show that if
7, Ty are distinct matches of an exhaustive rooted CCQ ¢ in Cx, then there exists
a variable v such that m(v) # m(v) and 7 (v), m2(v) € Ind(A). It follows that if
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we take an arbitrary model Z of K, and f a homomorphism of Cx into Z, then f
injectively maps query matches in Cx to query matches in 7.

We hence focus on proving that if 71, my are distinct matches of a exhaustive
rooted CCQ ¢ in Cx, then there exists a variable v such that m(v) # me(v) and
m(v), ma(v) € Ind(A).

Suppose for a contradiction that this is not the case. There there are distinct
matches 71, Ty of ¢ in Cx such that for all variables v such that m(v) # ma(v),
either m(v) € Ind(A) or mo(v) & Ind(A). As ¢ is exhaustive rooted, every variable
v is connected to either an answer variable or individual in the Gaifman graph.
Let d(v) denote the length of the shortest path from v to an answer variable of
individual. Note that d(v) = 0 iff v is an answer variable. Since m; and my are
distinct, there exists a variable v such that 7 (v) # ma(v). Choose such a variable
v* with minimal d-value, i.e., if d(u) < d(v*), then m(u) = m(u). By assumption,
either m1(v*) & Ind(A) or me(v*) ¢ Ind(A). We'll suppose the former (the other
case is treated analogously). Note that v* cannot be an answer variable (else we
would have 7 (v*) € Ind(.A)). It follows that d(v*) > 0, and so we can find another
variable u* and role name R € N, with d(u*) = d(v*) — 1 and either R(u*,v*) € ¢
or R™(v*,u*) € ¢ (recall that if R = P~, then R~ = P). As m and 7 are matches
of ¢ in Cx, we therefore have (m(u*),m(v*)) € R and (ma(u*), m2(v*)) € RO,
Moreover, since d(u*) < d(v*), we have 7 (u*) = ma(u*). There are two cases to
consider:

- Case 1: m(u*) = me(u*) = ¢ € Ind(A). From the proof of Lemma 26, we
know that m (v*) = c- R. The fact that c - R € A% implies that there is no
individual b such that (c,b) € R°. Thus, we must have my(v*) = ¢ - R, which
yields 71 (v*) = me(v*), contradicting our earlier assumption.

- Case 2: m(u*) = my(u*) € Ind(A). By Lemma 26, there is a unique element
e such that (m(u*),e) € R®. We thus obtain m (v*) = e = m(v*), a
contradiction.

As both cases lead to a contradiction, it must therefore be the case that the
statement holds. O

In the following sections, we explore how this property of the canonical model
being optimal impacts the combined, resp. data, complexity of answering exhaustive
rooted CCQs. For both situations, we use the next lemma, implicit in Bienvenu
et al. [2013], constraining the possible images of matches in Cx:

Lemma 27. For every DL-Litecore TBox T and CCQ q, we can construct in
polynomial time a set of words T'y 1 such that for every KB IKC = (T,.A), match
of ¢ in Cx, and variable v of ¢: w(v) =a-w for some a € Ind(A) and w € T, 7.
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4.5.2 DL-Lite,, and combined complexity

In this section, we prove that exhaustive rooted CC(Q answering over DL-Litecyre
KBs is PP-complete w.r.t. combined complexity, and hence in PSPACE. We recall
that the class PP contains all decision problems for which there exists a non-
deterministic Turing machine (TM) such that, when the input is a ‘yes’ instance,
then at least half of the computation paths accept, while on ‘no’ instances, less
than half of the computation paths accept.

Theorem 34. Exhaustive rooted CCQ answering over DL-Litecoe KBs is in PP
w.r.t. combined complexity.

Proof. We describe the TM used for PP membership, which takes as input a
DL-Litecre KB K = (T, .A), an exhaustive rooted CCQ ¢, and candidate integer
m.

Phase 1 The TM deterministically constructs the set I'; - of words from Lemma 27.

Phase 2 The TM guesses a mapping 7 of the variables in ¢ to elements from
{a-w|a€lInd(A),w €T,7}. It then compares m with the number C = [T, 7|
of possible mappings and proceeds accordingly:

- ifm > % + 1, the TM guesses an integer ¢ with 0 < i < 2m — 3 and accepts iff 7
is a c-match of ¢ and 7 < C;

-ifm< % + 1, the TM guesses an integer ¢ with 0 < ¢ < 2C' — 2m + 1 and accepts
iff 7 is c-match for g or ¢ < C' — 2m + 2.

Let us denote ¢°¢ the number of matches for ¢ in Cx. Due to Theorem 33 and
Lemma 27, an input is a ‘yes’ instance iff ¢°¢ > m. To finish the proof of PP
membership, we need to examine the number of accepting computation paths for
the described TM and show that when ¢°¢ > m, at least half of the computation
paths accept, and when ¢°¢ < m, less than half of the computation paths accept.
Let us consider the two cases from Phase 2:

-Iftm> % + 1, then the number of accepting computation paths is ¢°¢ x C,
corresponding to cases where the TM guesses a mapping that is a c-match,
then guess a number 0 < i < C. The total number of computation paths is
C' x (2m — 2), corresponding to a guess of one of the C' mappings, then the
guess of an integer 0 <17 < 2m — 3.

-Ifm< % + 1, then the number of accepting computation paths is

¢ X (20 = 2m +2) + (C = ¢*) x (C = 2m + 2) = C(C — 2m + ¢** +2),
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corresponding to the sum of the number of cases where we guess a c-match
followed by an integer 0 < ¢ < 2C' — 2m + 1 and the number of cases
where we guess a mapping that is not a c-match followed by an integer
1 with 0 < ¢ < C — 2m + 2. The total number of computation paths is
C' x (2C — 2m + 2) (guess one of the C' mappings, then guess an integer
0<i<2C—-2m+1).

In both cases, it is easily verified that:

O > m e #accep.ting computatcion paths - 1
#possible computation paths = 2

(Note that in the first case, we always have m > 2, so the value 2m — 2 in the
denominator is positive, while in the second case, C' > 1 implies that the value
(2C' — 2m + 2) in the denominator is positive.) O

The lower bound is obtained by a reduction from the following PP-complete
problem [Bailey et al., 2007|: given a propositional formula ¢) in CNF and number
n, decide whether ¢ has at least n satisfying assignments.

Theorem 35. Ezhaustive rooted CCQ) answering over DL-Lite,os KBs is PP-hard
w.r.t. combined complexity.

Proof. Consider an instance of the PP-complete problem mentioned above, given
by the formula ¢ := Ju /\2:1 & (with & is a 3-clause) and number N. We consider
the KB K, = (0, Ay), which has an empty TBox, and whose ABox A,, contains
the following assertions:

- Clausex(a, &) for each clause & and each p € {1,...7}, with each & repre-
senting one of the 7 satisfying assignments for the clause &;

- Asm(€, (), Asna(€], €1(w)) and Asny(€, () for each p = 1,..7
and each clause &, where &¥(w}) is the truth value (true or false) assigned by
&, to the ith variable occurring in the kth clause.

As for the query, we consider the following exhaustive rooted CCQ (an example
is depicted in Figure 4.13):

! 3
qy = 32¢, ... T2, T2, ... T2, /\ <Clausek(a, Zee ) N /\ (Asni(zgk, zwi)>)

k=1 i=1

To complete the proof, we establish the following claim:

[N, +00] is a certain answer to gy over Ky, iff ¢ has at least IV satisfying
assignments.
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Figure 4.13: The query gy with ¢ = (u1 V —ug V —ug) A (mug V ug V uy).

(=) Assume (0,[N,+o0]) € qgl". This implies in particular that there are N
c-matches for g, in Cx,. Since the TBox is empty, the domain of Cx, is Ind(Ay),
and Ci, makes true precisely the assertions in A,. By examining g, and Ay, we
see that each of the matches of g, in Cx, maps each of the variables z,, to either
true or false. We can therefore associate with each match 7 the following truth
assignment for the variables uy, ..., un: 7o(u;) = 7(2,,;). By further examining the
definition of the individuals & and the roles Asn;, Asn,, Asng, it is easy to verify
that each 7, is a satisfying assignment for ). Moreover, since we know we have
N such assignments, it only remains to show that each match 7 yields a distinct
assignment 7,. To see why this is the case, observe that once we know the images
of all of the variables z,,, there is a unique way of mapping the variables z¢,. It
follows that 1 has at least N satisfying assignments.

(<) Assume 1) has at least N satisfying assignments. Therefore, we have 7, ... 7y
distinct assignments for wuq,...u, satisfying 1. This ensures that, if we define
Torm (Zu;) = Tm(u;), we can always extend the mapping 7, (z,,) into a match for
qy, yielding N distinct matches. This holds in any model since we only need the
‘ABox part’ of the model, hence [N, +00] is a certain answer to g, over Cy. O

4.5.3 DL-Lite,, and data complexity

We now turn to the data complexity of answering exhaustive rooted CCQs over
DL-Liteyos ontologies. With Theorem 33 and Lemma 27 in hand, we prove that
this problem is TC’-complete. We recall that TC? is a circuit complexity class
defined similarly to AC” but additionally allowing threshold gates. It is known that
AC’ C TC® C NC! C LogSpace C PTime.
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Theorem 36. Ezhaustive rooted CCQ answering in DL-Litece s in TC? w.r.t.
data complexity.

Proof. We need a family of circuits in order to be able to handle ABoxes of different
sizes. More precisely, we will create one circuit for each possible number ¢ of
individual names. We can assume w.l.o.g. that the same set of individuals, denoted
Indy, is used for all of the ABoxes having ¢ individuals. Let us now explain how to
represent an input (A*, a*, m*) to the circuit that handles ¢-individual ABoxes.

- Each atomic role P appearing in 7 and/or q is represented by input gates
7p(ap)cd? for a,b € Ind;. The gate 7p(,p)cav is set to 1 iff P(a,b) € A*.

- Each atomic concept A appearing in 7 and/or ¢ is represented by input gates
?a@)ea? for a € Indy. The gate ?5)caz is set to 1 iff A(a) € A*.

- The tuple a* is represented by input gates 7,,—, for 1 < k < |x| and a € Ind,.
The gate is set to 1 iff aj = a.

- The integer m* is represented in binary by input gates ?;, —; for each 0 <
k < logy(|Ind(A*)| + |T|)4). The gate ?;,—; is set to 1 iff the k" bit of m* is
1 (with 0*-bit being the least significant bit).

Regarding the last point, we use the observation from Kostylev and Reutter [2015]
that if (a*, [m*, +oo]) € ¢4 then m* cannot exceed (|Ind(A*)| + [T =
(|Indg| + |T])!9!. This is a direct consequence of the fact that every satisfiable
DL-Liter KB K = (T, .A) has a model with at most |Ind(A)| + | 7| elements.

We now describe the other parts of the circuit. We introduce, for each relevant
positive concept C (i.e., atomic concept or existential concept IR that uses concept
and role names from 7 and/or ¢) and each individual name a € Ind,, a disjunctive
gate Vg2 taking as inputs:

- 7a(a)ea? for each atomic concept A such that 7 = A C C.
- ?p(ab)ear for all b € Ind(A) such that 7 =3P C C.
- ?p(bayear for all b € Ind(A) such that 7 = 3P~ C C.

The preceding gates determine the ABox part of the canonical model. We next
need to decide the existence of each element of the form aw, where a € Ind(A) and
w € I'y7\ € (by Lemma 27, these are the only anonymous elements that can occur
in a match for ¢). For each such aw, we denote by R,, the first role name of w and
introduce a conjunctive gate A, cacc, Which takes as input:

- The negation —wheind(4) —R(ap)? Of a disjunctive gate Vapeing(4) r(ab)? taking
as inputs the gates:
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- ?p(a,) for each b € Indy, if R = P € Ng.
- ?p(ba) for each b € Indy if R = P~ with P € Ng.

which verifies that there is not already a R,,-successor to a.
- The gate Virar,(a)? that checks that a witnessing R.,-successor is needed.

The circuit next determines for each mapping 7 : x Uz — {awl|a € Indy,w €
I, 7}, whether 7 is a match for ¢g(a*). Notice that, regardless of the input ABox,
we can restrict to a set of relevant mappings by keeping only those which map
the answer variables x to individuals from Ind, and which map variables vy, vy
occurring in a role atom R(vy, v2) from ¢ onto either:

- a pair of individual names, or
- a pair wy, ws such that wy = w1 R or w; = R™ws.

Similarly, we can restrict the set of relevant mappings by keeping only those which
map variable v occuring in a concept atom A(v) from ¢ onto either an individual
name, or an element awR, where K = 3R~ C A. Clearly, any mapping 7 that does
not respect these conditions cannot be a match, due to the definition of R°<. This
restriction simplifies the process of checking if a mapping is a match for g(a*): we
are only left with verifying the existence of the anonymous elements in its image,
as well as the validity of the atoms mapped onto the ABox part of the canonical
model.

For each relevant mapping m, we introduce a conjunctive gate Ay maten 7 taking
as inputs all gates:

- Pap=n(z;)? for each 1 <k < |x| (to check x is mapped on a*).

- An(zjeacks for each z € z such that 7(z) ¢ Ind, (to check for existence of 7(2)
under input A*).

= PR(n(v1),m(ve))eA? fOr €ach v1, vy € XUz such that R(vi, vs) € g and w(vy), w(vs) €
Ind(A) (to check the validity of the mapping for pairs of variables mapped
on individual names).

- VkeA(r(v)? for each v € xUz such that A(v) € ¢ and 7(v) € Ind(\A) (to check
the validity of the mapping for variables mapped on individual names).

We will next use threshold gates in order to compute the total number of

matches. Introduce, for each k =0, ..., (Ind; x T',7)9, a threshold gate 7®)
q

k7
UZ) returns 1 iff at least k of its
Qalczk?

taking as input every A; maten 7. Lhe gate T
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inputs are 1. By construction, the latter holds iff there are at least & matches for
q(a”).

In parallel, we introduce a conjunctive gate A,,—x» for each £k =0,..., (Ind, X
[, taking as inputs:

- the input gates 7,17 such that the 5" bit of the binary encoding of k is 1

- the negation of each input gate ?,—1» such that the 4% Dbit of the binary
encoding of k is 0

The gate A,,—x? returns 1 iff m* = k.
We combine the preceding two types of gates to compare m* and the computed
number of matches. For each £k =0,..., (Ind, X Fqﬂ’)lq', we introduce a conjunctive

(k)
. and A,,—7.

Finally, our output gate is a disjunctive gate Voupu taking as inputs all gates
A £K 5 mr By construction, this gate outputs 1 iff there are at least m* matches of

gate /\q§'C Sm? taking as input T

g(a*) in the canonical model of the considered KB.
The depth of the circuit is 7, hence constant, showing membership in TC®. [

A matching lower bound can be shown by a simple reduction (using an empty
TBox) from the TC’-complete problem that asks, given a binary string s and
number k, whether the number of 1-bits in s exceeds k [Aehlig et al., 2007].

Theorem 37. Ezhaustive rooted CCQ answering in DL-Liteyos 15 TC-hard w.r.t.
data complexity.

Proof. The reduction from the NUMONES problem works as follows: given an
instance (s, k), we create an ABox A, := {R(a,sk) | sy € s A s = 1}, along with
the empty TBox T = () and exhaustive rooted CCQ ¢ := 3z R(a, 2). It is clear
that [k, +o0] is a certain answer of g over (T, A,) iff (s,k) € NUMONES. It can
be verified that this simple reduction can be implemented by AC’ circuits (so
constitutes an AC’-reduction, as required). O
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In this chapter, we focus on Boolean atomic counting queries of the form 3z A(z)
and Jz; 329 R(z1, 29). We shall refer to such restricted CCQs as cardinality queries
as they correspond to the natural task of determining (bounds on) the cardinality
of a given concept or role name.

The data complexity of answering such basic counting queries has been briefly
explored in Calvanese et al. [2020a], remaining completely open for DL-Litecye
ontologies, whilst for DL-Lite’. ., the problem is known to be P-hard and in coNP.
The main results of our investigation of data complexity are displayed Table 5.1.
Due to our results for general CCQs from Chapter 3, membership in coNP holds for
the more expressive DL ALCHZ and all of its sublogics. Moreover, we shall prove
corresponding lower bounds for concept cardinality queries evaluated over £L or
DL—LiteZZL)re ontologies. We show that when ontologies are expressed in DL-Liteoe,
cardinality query answering is tractable in data complexity and enjoys the lowest
possible complexity (TCO—complete). For cardinality queries based upon a concept
atom, TC® membership holds even for the fragment of DL-Lite’ _ obtained by
disallowing negative role inclusions. By contrast, for role cardinality queries, we
show that coNP-hard situations arise in DL-Lite’’_, which allows only positive

pos?
concept and role inclusions.
H

posy SHOW-

In fact, we obtain a complete data complexity classification for DL-Lite
ing that every ontology-mediated query is either TC°-complete, coNP-complete, or
is in P and logspace-equivalent to the complement of PERFECT MATCHING (whose
precise complexity is a longstanding open problem). The preceding classification
does not extend to DL-Lite’ : we identify new sources of coNP-hardness and
further exhibit L-complete cases. We find it intriguing that such complex behaviour
arises in what appears at first glance to be a simple OMQA setting. Moreover,

in all of the tractable cases we identify, the canonical model may not yield the
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Concept cardinality Role cardinality

DL-Litepos, DL-Litecore TC%c TC%c
DL-Lite}t TCc coNP-c
DL-Lite’ _, L, ACCHT coNP-c coNP-c

core?

Table 5.1: Cardinality query answering: worst-case data complexity.

minimum cardinality, and query answering involves solving non-trivial optimization
problems. This leads us to devise an entirely new approach based upon exploring
a space of strategies to find the optimal way of merging witnesses for existential
axioms.

In addition to data complexity, we also obtain a complete picture of the combined
complexity of answering cardinality queries in ALCHZ and its various sublogics.
The combined complexity ranges from NL to coNP in DL-Lite logics and from
EXP to coNEXP for ££ and its extensions. We achieve these results using a
variety of techniques: refinements of our approach for general CCQs, adaptations of
existing constructions, and further reductions involving closed predicates. Figure 5.1
summarizes these latter complexity results for cardinality queries.

ALCHT
coNEXP-c¢
acen  —— ~
coNEXP-c ALCT
N coNEXP-c
ALC iz,
cONEXP-c  coNEXP-c

ELH, T DL-Lite,,
EXP-c ELT | coNP-c
N coNEXP-c ~
ELL % T DL-Liteeae
EXP-c EXP-c coNP-c
SLH DL-Litelt,
EXP-c ELT NL-c / coNP-c

- — EXP-c —_
LY DL-Litepos

EXP-c NL-c

Figure 5.1: Concept / Role cardinality answering: worst-case combined complexity.

158 Q. MANIERE



5. Cardinality Queries
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5.5.4 Towards DL-Lite’®

COre * ° ottt e e e e e e e e e e e e e e e

5.1 Preliminaries

As mentioned in the introduction, this chapter will focus on Boolean atomic
counting queries, which correspond to determining bounds on the cardinality of a
given concept or role name. Such queries come in two flavours, depending upon
whether the query predicate is a concept or a role name.

Definition 51. Concept cardinality queries are Boolean CCQs of the form 3z A(z)
with A an atomic concept from N¢, while role cardinality queries have the form
21 329 R(z1, 22) with R an atomic role from Nr. The query predicate refers to
this concept name A or role name R occurring in the cardinality query of interest.
We denote qp the cardinality query whose query predicate is P.

The next theorem illustrates how to reduce one setting to the other. Despite the
rich concept constructors allowed in ALCHZ compared to those allowed for roles,
our result proves that concept cardinality queries can be reduced to role cardinality
queries. While most of our results show no difference between the two settings in
term of complexity, a notable exception arises with DL-Lite’ _ ontologies, for which
all concept cardinality queries can be answered in TC" (resp.in NL) while there
exists coNP-hard (resp. coNP-hard) role cardinality queries w.r.t. data complexity
(resp. combined complexity).

pos
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Theorem 38. Let L be a sublogic of ACCHZ that can express A T IP.T (A € Nc,
P € NR). Then concept cardinality query answering over L KBs can be polynomially
reduced to role cardinality query answering over L KBs.

Proof. Consider a concept cardinality query ga = 3z A(z) and a KB K = (T, A).
We pick a fresh role name P ¢ sig(K), and consider the role cardinality query
gp = 321 323 P(21, 22) and modified TBox 7' :=T U{A C 3P.T}.

Any model Z of K can be extended to a model Z’ of K' = (77,.A) by setting
P? .= {(e,e) | e € AT}. Indeed, this ensures satisfaction of the additional axiom
A C JP.T. Moreover, as no new domain elements were introduced, axioms T C B
from 7 remain satisfied, and all other axioms are not affected since P ¢ sig(T).

Notice that go has exactly as many matches in Z as gp has in Z’, hence an
interval [m,+oc] is a certain answer to ga over K iff it is a certain answer to gp

over K'. ]

Due to our results for general CCQs investigated in Chapter 3, we know that
cardinality query answering can be performed in 2EXP. A closer look at the size of
optimal models exhibited in Section 3.4, coupled with the trivial bound on the size
of cardinality queries, containing at most one atom with two variables, allows us to
refine this upper bound as follows.

Theorem 39. Role cardinality query answering in ALCHZI is in coNEXP w.r.t.
combined complexity.

Proof. Theorem 8 from Chapter 3 proves that the minimal number of matches is
reached with a model of exponential size. O

In the next section, we prove that this coNEXP upper bound is optimal for
extensions of either ELZ, or ALC, but can be refined via connections to closed
predicates for some of the other considered sublogics of ALCHZ.

5.2 Combined complexity and closed predicates

5.2.1 Extensions of £L

The next two results, together with Theorem 38, establish that cardinality query
answering is coNEXP-complete w.r.t. combined complexity in extensions of £L£Z |
and ALC. The proof relies upon the existence of KBs that only admit exponentially
large models. These are easily obtained through a combination of atomic concepts,
disjointness axioms, and a feature allowing to propagate these atomic concepts
forward along roles. This is performed by existential-restrictions involving inverse
roles in ELZ, and by universal restrictions in ALC.

160 Q. MANIERE
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Theorem 40. Concept cardinality query answering in ELL, and in ALC is coNEXP-
hard w.r.t. combined complexity.

Proof. This proof focuses on the case of ££Z, and involves inverse roles only in
axioms of the form JR~.A C B. Therefore, the proof for ALC can be obtained by
replacing each such ££Z, axiom FR™.A C B by the ALC axiom A C VR.B. In
particular, one doesn’t need the full expressive power of ALC.

The proof proceeds by reduction from the complement of the NEXP-complete
SUCCINCT-3-COL problem. An instance of SUCCINCT-3-COL consists of a Boolean
circuit C with 2n input gates. The graph G encoded by C has 2™ vertices, identified
by binary encodings on n bits. Two vertices v and v, with respective binary
encodings u; ... u, and vy ...v,, are adjacent in G¢ iff C returns True when given as
input wuy ...u, on its first n gates and vy ... v, on the second half. The problem of
deciding if G is 3-colorable has been proven to be NEXP-complete in Papadimitriou
and Yannakakis [1986].

Let C be an instance of SUCCINCT-3-COL having 2n input gates. We start
by generating an exponential tree, henceforth referred to as the reference tree, to
assign a color to each vertex, that is a binary identifier (k ranges from 1 to n):

Ut CIRAY APC U, 3JRACC AL

U
o@) U CIRAL AICU.  IROALC Al

A)MALE L

At the end of a branch, we ask for a color to be chosen among three provided
options. The color can actually be chosen elsewhere, but at the cost of a new
c-match for our query qgoar-

U, C FHasCol.Color Color C Goal Color(c;) Color(c;) Color(cs)

We now generate all possible pairs of vertex identifiers, starting from the first
identifier (k ranges from 1 to n):

Vit T3IRBY  BYCV, 3R-.BYC B!

Vo(b
ob) v C3IRB. BLCV, IR .BLCB!

BYMB.C L

and followed by the second identifier (k ranges from 1 to n):

Wi CIRCY  COC W, 3R-.COCCY

V., CW
=% W, C3IRC  Cclcw, 3JrR-.ClCal

CincCLC L

At the end of a branch, we ask for each node to be connected to the two corre-
sponding nodes from the reference tree.

W, C JFst.Goal ~ IFst—.BYC A?  ISnd-.C) C AY? U, C Goal
W, C 3Snd.Goal JFst~.BL C A} ISnd~.CL C A} U, M Color C L
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Notice axioms U, C Goal and U, M Color C _L act as an incentive to reuse elements
from the reference tree, otherwise it would come at the cost of a new c-match
for our query qgoa. We also note that, at this point, there are always at least
2" + 3 matches in every model given by the three possible colors ¢y, ¢y, c3 and the
2™ instances of U,, which must all be disjoint. Finally, we import the chosen colors
from the reference tree with the following assertions and axioms:

Coli(c;)  FFst.(FHasCol.Col;) C Colf*  ISnd.(3FHasCol.Col;) C Colsnd

Coly(cp) JFst.(3HasCol.Coly) = Colk 3Snd.(3HasCol.Coly) C Colsd

Colz(cs)  TFst.(IHasCol.Coly) E Col*  ISnd.(IHasCol.Cols) E Colsnd

It remains to evaluate the circuit to test adjacency for each pair of vertex

identifiers. This is handled by the TBox in the following fashion. For the first n

input gates g,{‘gt introduce the axioms:

By C IsFalse g B, C IsTrue,ss: (k=1,...,n)

and for the remaining n input gates g;"? introduce the axioms:

Cp C IsFalsegsna Cp C IsTruegsna (k=1,...,n).
For each negation gate g with parent gate gy, we introduce the two axioms:
IsFalseg, C IsTrue, IsTrue,, C IsFalse,.

For each conjunctive gate g with parent gates g; and gs, introduce the three axioms:

IsFalsey, C IsFalse,

IsTrueg, MIsTruey, T IsTrue, IsFalse,, C IsFalse
g2 = g

For each disjunctive gate g with parent gates ¢g; and go, introduce the three axioms:

IsTrue,, C IsTrue,
IsFalseg, MIsFalse,, = IsFalse,.
IsTrue,, C IsTrue,

Finally, to detect monochromatic edges, consider the three axioms where ¢,
denotes the output gate of C:

IsTrueg,,, M Colf 1 Coli™ C Goal

IsTrue,,,, M Colf* M Cols™ C Goal

IsTrue,,,, M Colf* M Col§™ C Goal

To ensure this case indeed creates a new match for ¢gou we make sure that it
cannot be an already existing match with the two negative concept inclusions:

W, MColor C L U,nMw,C L
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Claim: C ¢ SUCCINCT-3-COL iff 2" + 4 is a certain answer for ggea over K.

Note: Both the constructed ELT, and ALC KBs admit a canonical model, hence
we allow ourselves to refer to the canonical model in what follows. For readability,
we omit the concepts associated with the evaluation of the circuit when considering
elements of Cx.

(=). Assume C ¢ SUCCINCT-3-COL and consider a model Z of IC. There exists
a homomorphism from the canonical model of K to this Z, say we choose one such
f : CIC — 7.
If any of the f(a---R.{U,, Goal, AT*,... A%} - HasCol.{Color, Goal}) does not
belong to {c1, ¢y, c3}, then it provides a new c-match for ggen and we are done.
Otherwise, denote by 7 the coloring induced by the reference tree in Z, defined
by setting:

7(ay...a,) = f(a---RAUy, Goal, AT*, ... A} . HasCol.{Color, Goal}).

Since C ¢ SUCCINCT-3-COL and 7 only uses the 3 colors ¢j, ¢y and c3, there
must exist a monochromatic edge {u,v}. Denote by bq,...,b, the identifier of
u, by cq,...,c, the identifier of v, and by k£ the number of the shared color c.
Since u and v are adjacent, the concept IsTrue,, , is satisfied on the element
e:=f(b---RAW,, B, .. B> C ... C%}) of T.

If f(b---RAW,,BX .. Bb €S, ... Co}-Fst.{U,, Goal, A, ... AP»1) (notice
the first vertex identifier is converted into an identifier in the reference tree) is not
equal to f(a---R.{U,, Goal, A} ... AP=}) being the corresponding element from
the reference tree, then it yields a new c-match and we are done.

Otherwise, axiom JFst.(3HasCol.Coly) C Colf* ensures CF* holds on e. Simi-
larly, f(b---R.{Wy, B, ... B %, ... C»} - Snd.{U,, Goal, A", ..., A%}) cither
yields a new c-match, in which case we are done, or C{" holds on e. In the latter
case, axiom IsTrueg,, M Colf 11 Cols™ C Goal triggers a new c-match on e.

In all cases, we exhibit an additional c-match, which proves 2" + 4 is a certain
answer for qgoa over K.

(«<). Assume C € SUCCINCT-3-COL and pick a 3-coloring 7 of the underlying
graph of C, using as colors cj, ¢; and c3. From the canonical model of I, iden-
tify each element of the form a---R.{U,, Goal, AT*,... A%} . HasCol.{Color, Goal}
with the individual 7(a; ...a,). Additionally, identify each element of the form
b---RAW,,BY, ... Bb» €S, ... C%) . Fst.{U,, Goal, A> ... AP} with the ele-
ment a---R.{U,, CGoal, AP .. AP»} and similarly identify each element of the
form b---R.{W,, B> .. .Bb» €%, ... C%}.Snd.{U,, Goal, A?", ..., A%} with the
element a---R.{Uy, Goal, AT*,.. . A%}
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Saturate the obtained interpretation to obtain a model Z, of . Because 7 is a
3-coloring, there is no monochromatic edge, hence it can be verified that Z, has
exactly the 2" + 3 original c-matches. This provides a model of I with less than
2" 4+ 4 c-matches for qgoal, ensuring 2" + 4 is not a certain answer for gge. over K.

O

As already mentioned, the latter coNEXP-hardness proof relies on KBs that
only admit exponentially large models. We now turn to ALCHZ KBs admitting
polysize models. The key observation is that, for logics with polysize models and
single-atom queries, the optimal number of matches is bounded polynomially in
the size of the KB. We can thus iterate over all polynomial-sized ABoxes that
could represent the restriction of an optimal model to the ABox and elements in
matches. We test whether such an ABox extends to a model without new matches
by performing a satisfiability check, taking the query role as closed predicate.
This gives a deterministic single-exponential time procedure, since satisfiability of
ALCHZT KBs with closed predicates is in EXP, as proven in Ngo et al. [2016].

Theorem 41. Let L be a subclass of ACCHZ KBs for which every satisfiable KB
admits a polynomial-sized model. Then role cardinality query answering over L
KBs s in EXP.

Proof. Let L be a sublogic of ALCHZ for which every satisfiable KB admits a
polynomial-sized model. Then proceeding similarly to Lemma 3, we can exhibit a
polynomial p such that for every satisfiable KB I = (7, .A) and cardinality query
q, there exists a model of K having at most p(|X|) matches to g.

With this in mind, let us fix a satisfiable KB K = (7, .A) and a role cardinality
query ggoal = 321 329 Goal(z1, 22), and let nxe = p(|K|). Consider a set of individual
names D C N of size 2ng + |Ind(A)| and containing Ind(A). For each subset
S C D x D, we check whether the following KB with closed predicates is satisfiable
(note that Goal is the only closed predicate):

Ks := (T,{Goal}, AU {Goal(a,b) | (a,b) € S})

If such a KB is satisfiable with Goal a closed predicate, it provides a model of IC
with precisely |S| matches. Conversely, if there exists a model Z of I with n < ny
matches, there exists a subset S C D x D such that Kg is satisfiable: pick S as the
pairs (¢(a), (b)) € Goal”, where ¢ is an injection from the subset of A” appearing
in matches of ggoa to D which is the identity on Ind(.A).

By Theorem 7 of Ngo et al. [2016], this check can be performed in exponential
time in Kg, which is of polynomial size w.r.t. KC. m

Corollary 6. Role cardinality query answering in ELH, is in EXP w.r.t. combined
complexity.
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Proof. Let K be a satisfiable £LH KB, which we may suppose w.l.o.g. to be in
normal form, and consider the following interpretation Zx (a variation on the one
defined in Lutz et al. [2009] for ££H %" without negative role inclusions):

AT% —Ind(A) U {znp | ACTRBE T and T £ BC 1}

A™ ={a| K A()}U{zrp | T EBC A}

PT% —{(a,b) | K = P(a,b)} U{(a,7s5) | K = FR.B(a), T = R C P}U
{(zR,B,, TR, B,) | T F B1 £ 3R2.By, T =Ry C P}

Note that |AZ%| < |K], so we only need to show that Zx is a model of K. Tt is
not hard to see that Zy satisfies ABox assertions of A and all concept axioms
and positive role inclusions from 7. Suppose that T contains a negative role
inclusion Ty M Ty C L and there is a pair (u,v) € T, 2% N Ty2*. We cannot have
u,v € Ind(A), since this would imply that I is unsatisfiable. If (u,v) = (a, zr.B),
then £ = 3R.B(a), T = R C Ty, and T = R C Ty, which again means K
is unsatisfiable. Finally suppose that we have (u,v) = (xR, B,,TR,.B,)- Then
TEBI C3IRyBy,, TET ERyE Ty, and T | Ry C Ty. But that would mean
that 7 = By C L, contradicting the definition of AT We thus conclude that Zyc
is indeed a model of . O

Corollary 7. Role cardinality query answering in ELHL is in EXP w.r.t. combined
complexity.

Proof. Existence of polynomial-sized models is trivial due to the absence of negative
inclusions. For example, extending A with every possible fact constructed from
Ind(A) and sig(K) yields a model of K = (T, .A). O

We conclude this subsection by providing matching lower bounds for concept
cardinality queries in ££, which completes the complexity landscape for cardinality
queries answering over ALCHZ KBs extending £L.

Theorem 42. Concept cardinality query answering in EL is EXP-hard w.r.t. com-
bined complexity.

Proof. The proof proceeds by reduction from the problem of deciding if an ££ KB
with closed predicates is satisfiable, known to be EXP-hard from Ngo et al. [2016].
As noticed by the authors in the conclusion of Ngo et al. [2016], we point out that
their reduction (Propositions 4 and 5) produces a KB (7, X, .A) such that the set
of closed predicates ¥ only contains concept names. Therefore, we assume w.l.o.g.
that our starting KB K := (7, X, .A) also satisfies this property. Restricting the
construction of ALCHZ normal form (see Section 2.1.3) to EL£ axioms, we reduce
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to the case in which every concept inclusion has one of the following restricted
shapes:

TCA AnNBCC ACIJRB JRALCB with A,B,C € N¢,R € Ng.

It can be verified that such a normalization procedure doesn’t affect the satisfiability
w.r.t. the closed predicates.

We will need to consider two fresh new concept names Goal and Auxr, a fresh
new role name Ry for each closed concept name B € ¥, and a fresh individual aux.
The concept Goal will be our query predicate and aims to capture excessive uses
of the closed predicates.

To capture such uses on non-individual elements, we consider the axiom B C
Goal for each B € ¥. Therefore, we also consider the assertion Goal(a) for each a
such that there exists B(a) € A with B € ¥. To prevent such an assertion Goal(a)
from “hiding” the use of a by a closed concept B such that B(a) ¢ A, we introduce
the axiom JRp.B C Goal for each B € ¥ and the assertion Rp(aux,a) for each
a € Ind(A) and each B € ¥ such that B(a) ¢ A.

Adding such a new individual aux may cause axioms with shape T C A from
T to trigger on aux hence requiring further concepts to hold on aux. To prevent
this, we replace each axiom T C A from 7 by Auxt C A, we also add the axiom
A C Auxr for each A € sig(7) and the assertion Auxr(a) for each a € Ind(A).

To summarize, we define 7 and A" as follows:

T =(T\{TEA|TCAeT}) A=A

U{AwxrCA|TCAeT} U{Aux(a) | a € Ind(A)}
U {AC Auxt | A €5sig(T)} U{Rg(aux,a) | B(a) ¢ A,B € X}
U {BC Goal | Be X} U{Goal(a) | B(a) € A,B € ¥}

U {3Rp.B C Goal | B € X}

Finally, let n := |[{Goal(a) | B(a) € A, B € ¥}| be the number the of ABox matches
for qgoa in (T7,.A"). To complete the proof, we establish the following claim.

(T,%,.A) is satisfiable iff n + 1 is not a certain answer for ggoa over (77,.A").

(=). Assume (7,%, A) is satisfiable and let Z be one of its models. We build an
interpretation Z' of (77, A’) with domain A" := A% U {aux} as follows:

AI: = A? (A esig(T))
Goal” := {Goal(a) | B(a) € A,B € %}
AUXTI/ = Af
PI; = P? (P € sig(T))
Rg? := {Rgp(aux,a)|B(a) ¢ A,Bc ¥}
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Clearly, 7' has exactly n matches for ggea. We verify it is a model of (77,.4"),
concluding this part of the proof as 7’ is a counter-model for n+ 1. All axioms from
T are trivially satisfied as interpretations of concept and roles names from sig(7")
are preserved (recall those with shape T C A have been removed!). Assertions in
A’ are also trivially satisfied, either by definition We check the other axioms in
turn:

Auxt T A (TE A €7T). Since Z is a model of 7, we obtain: Aux+? = AT =
TI C AT = AT,

A C Auxt (A esig(T)). Trivial: AT = AT C AT = AuxZ.

B C Goal (B€Y). Let e € BY. We have B € & C sig(T), hence by definition
e € BZ. Since B € ¥ and T is a model of K, it follows that B(e) € A.
Hence, by definition: e € Goal” .

JRp.B C Goal (B € X). Let e € (3Rp.B)?'. We hence have an individual a € BY
such that B(a) ¢ A (from the definition of RgZ'). From the definition
of BY', we obtain a € BZ, which implies, as Z is a model of K, that
B(a) € A. Contradiction, hence (3Rg.B)Y = () and the axiom is
trivially satisfied.

(<). Assume n+ 1 is not a certain answer, that is, we have a counter-model Z
(in which matches are exactly the n ABox matches). Consider the interpretation
T’ obtained by restricting Z to the domain AT := (Auxr)~.

Axioms from A are clearly satisfied in Z' as A C A’. We verify that axioms
from 7 also hold:

T C A. In particular Auxt C A € T7’. From Z being a model of 7', we
have Auxt? C AZ. Thus, AZ = Auxt? N AT = AT, which yields:
T = Auxt? C AT = AT,

AN BELCC. In particular AMMB C C € T'. Using Z' being a model of T’, we obtain:
(ANB)Y = ATNBINAT C CTnAT =T,

JR.A C B. In particular 3R.A C B € 7". First notice that (JR.A)* C (IR.A)?
since R C RZ and AT C AZ. Using Z’ being a model of 77, we now
obtain: (JR.A)Y C (FR.A)F N AT C BTN AY = B?.

A T 3R.B. In particular, both A T IR.B and B C Auxr are in 7”. Let e € AT, In
particular, e € AZ. Since Z is a model of 77, we have some (e, e’) € R?
with ¢ € BZ. Still from 7 being a model of 7, we also have ¢/ € Aux+Z,
and therefore b € A”. Hence (e,¢/) € RZ N A? and ¢ € BT N AT,

yielding e € (3R.B)¥".
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We now verify that no closed concept has been violated, which concludes the
proof. Let e € BY for some closed concept B € ¥. In particular we have both
B C Goal and FRg.B C Goal in 7”. By definition of BZ and from Z being a model
of T7, we obtain e € BZ C Goal®.

From 7 being a counter-model for n + 1, we know that Goal’ = {Goal(a) |
B(a) € A,B € ©}. In particular aux ¢ Goal”. But since Z is a model of 77, it
ensures that aux ¢ (3Rg.B)?. Recall we have Rp(aux,b) € A’ for all individuals
b such that B(b) ¢ A, and therefore b ¢ B for such individuals. It follows that
B(e) € A. O

5.2.2 Extensions of DL-Litep

We now proceed to extensions of DL-Liteyes. For DL-Lite’l . KBs, we proceed as

for the extensions of ££ admitting polysize models and establish a connection to
closed predicates which allows to obtain coNP membership. One can indeed guess
a small countermodel to [m, +oo| being a certain answer, relying on the existence
of small models, atomicity of the query, and Theorem 3 of Ngo et al. [2016].

H

ore 1S 1 cONP w.r. 1.

Theorem 43. Role cardinality query answering in DL-Lite
combined complexity.

Proof. Let gp be a role cardinality query. As DL-Lite’ . knowledge bases admit

models of polynomial size in combined complexity, and the query is atomic, there
are at most polynomially many guaranteed matches. To check if [m, +o0] is a
certain answer, we can proceed as follows:

- if m is too big with respect to the polynomial bound, we reject;

- otherwise, we guess an instance A’ containing A and additional matches (up
to m) for gp. We then check whether (A’, T, {P}) is a satisfiable knowledge
base with closed predicates. According to the proof of Theorem 3 of Ngo
et al. [2016], if this is the case, then there is a model of polynomial size.
We guess it, and this provides a counterexample to [m, +o0o] being a certain
answer. [

A matching coNP lower bound can easily be obtained for concept cardinality
queries as soon as concept disjointness is permitted, that is, for DL-Lite.,e KBs.
We point out that this holds even if the ABox is consists of a single fact.

Theorem 44. Concept cardinality query answering in DL-Litecye is coNP-hard
w.r.t. combined complexity.
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Proof. Let G = (V, ) be an undirected graph, and consider

To=J{Ac3av,av-cciu |J {3vic-3v;}

vey {v1,02}€E

It is easily verified that G € 3-CoOL iff [4, +00] ¢ ¢"¢ for the KB K¢ := (7g, {A(a)})
and query ¢ = 3z C(z2). ]

More interestingly, complexity results for role and concept cardinality queries
differ when disallowing disjointness axioms but keeping role inclusions. While there
exist coNP-complete DL—Lite?;éS KBs for role cardinality answering (see Theorem 50
in the next section, proving it already holds in data complexity), we obtain a NL

procedure for all DL—Literos ontologies and all concept cardinality queries.

H

vos 45 1n NL w.r.2.

Theorem 45. Concept cardinality query answering in DL-Lite
combined complexity.

Proof. Let gc = 32 C(z) be a concept cardinality query. Starting from the canonical
model Cx of a KB K = (7,.A), the minimal number of matches can easily be
computed.

- If there exists an individual a € Ind(A) such that £ = C(a), then we can
collapse all anonymous elements onto one such individual (the choice doesn’t
matter), obtaining a model in which matches are exactly such individuals a,
which is clearly minimal (recall we make the UNA). We can check whether

K = C(a) in NL, see e.g. Artale et al. [2009].

- Otherwise, if there exists an anonymous match in Cx, then we collapse all
anonymous elements onto a chosen ABox individual, obtaining a model with
a single match for q¢, which is clearly optimal. Existence of an anonymous
match can be checked in NL [Artale et al., 2009].

- Otherwise, there are no matches in Ci, hence 0 is the minimal number of
matches.

Notice that we do not need to actually compute the model corresponding to the
optimal number of matches, and we only need to compare that number to the input
integer. O

Relying on the same principle but employing a more sophisticated case analysis,
we obtain NL membership for role cardinality queries evaluated over DL-Litepos
ontologies.

Theorem 46. Role cardinality query answering in DL-Litepos is in NL w.r.t. combined
complexity.
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Proof. Consider the role cardinality query Jz; 3z P(21, 22), and define the sets
D = {a | aP € A%} and Dx = {a | aP~ € A%} of positive and negative
demanding individuals. We assume w.l.o.g. that |D}5| < |Dy|. Let p: D — Dy
be an injection.

We partition the generated roles (i.e., the roles such that there is wT € A%)
into four categories:

I. TEJT"CJPand 7 =37 CIP~
2. TEIT-"CIPand T EIT- C P
3. TFEIT-CIPand T E=IT- C P~
4. THEIT-CIPand T E3IT- C 3P~

The roles in the first three cases are called demanding, and we need to consider
which P-edges can be used for them.

We use the term non-paired critical individual to designate an individual
belonging to D;- U Dy but not to the domain of p. We then define what constitutes
a solution to a demanding role:

- A solution to a case-1 demanding role is either a non-paired critical individual,

or an individual a such that A, 7 |= 3zP(a,z) and A, T |= J2P(z, a).

- A solution to a case-2 demanding role is either a non-paired critical individual,
or an individual a such that A, T = JzP(a, z).

- A solution to a case-3 demanding role is either a non-paired critical individual,
or an individual a such that A, T = JzP(z, a).

If a demanding role T has a solution, we let sol(T) be (an arbitrarily chosen)
solution.

If all demanding roles have a solution, then the optimal number of matches is
na + max(|Di|, | Dxl), as witnessed by the model f(Cx), which is the image of Cx
under the following partial function f:

- [a) =3

- f(aP) = p(a);

- f(aP7) = p~!(a) if defined, a otherwise;

- f(wT) =sol(T) if T is neither P nor P~ and is demanding;

- f(wT) = wT if wT contains no occurrence of P nor of P~ and T is not
demanding.
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Note that f is not defined on elements from Cx with shape awTPw’ or awTP~w/,
where w is a possibly-empty word that contains neither P nor P~ and w’' is a
possibly-empty word. In the case of awTPw’ (the case of awTP~w’ is similar),
notice that awT is sent to an element sol(T), such that K = 3z P(sol(T),x) by
definition of a solution. Therefore the images of elements awTPw’ don’t need to be
specified to ensure modelhood, as the corresponding facts are already consequences
of the P-edge (a,b) (if there exists b such that (sol(T),b) € A) or of the P-edge
(a, f(aP)) (if no such b exists). It can be verified that f(Cx) is a model with exactly
na + max(|Di|, | Dx|) matches.

If there is at least one demanding role that does not have a solution, then
the optimal number of matches is m 4 + max(|Dy:|, |Dc|) + 1, as witnessed by the
following model (which we describe by an ABox):

AU{AQ@) | A, T =A}
U{P(a,p(a)) |2 € D}
U{R(a,*) | R #P AaR € A%}
U{R(x,%) | R € N} U{A(x) | A € N¢}

The above interpretation is indeed a model, because all elements are paired and
disjointness is not expressible in DL-Litepos. Moreover, its number of matches is
m 4 + max(|Dy|, |Dx|) + 1. This is optimal as there are at least m 4+ |D;-| matches
in any model and that there exists T a demanding role having no solution. Indeed,
if T is in cases 2 or 3, there cannot be any P-edge in the ABox nor paired elements
(as it would provide a solution for T), and 1 is thus the optimal as any model
contains at least 1 match given by the image of the pair (wT,wTP) from the
canonical model (T in case 2) or of the pair (wT,wTP~) (in case 3). Otherwise T
belongs to case 1, still without a solution, which means that no individual has both
an ingoing and outgoing P. Therefore, in any model, at least one of the image of
the pairs (wT,wTP) and (wT,wTP~) (both exist in the canonical model, for the
same w!) provides an additional match.

Note that each condition can be checked in non-deterministic logarithmic space.
The number of optimal matches is thus also computable within the same bound, as
is the comparison with the input integer. This shows that role cardinality answering
lies in NL. O

Finally, we prove that concept cardinality query answering over DL-Litepos
KBs is NL-hard by reduction from the ST-CONNECTIVITY problem, known to be
NL-complete [Immerman, 1999].

Theorem 47. Concept cardinality query answering in DL-Liteyos is NL-hard w.r.1.
combined complexity.
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Proof. Let G = (V,€) be an oriented graph and s, ¢t two vertices from V. For
each vertex v € V, we introduce a concept name V. Consider the KB given by
A:={S(a)} and T := {V1 C Vy | (v1,v2) € £}. We are interested in the concept
cardinality query ¢r := 3z T(z).

It is now straightforward that 1 is a certain answer to gr over (7,.4) iff ¢ is
reachable from s in G. O]

This concludes our study of cardinality queries in combined complexity, which
is summarized in Figure 5.1. The remainder of the present chapter is devoted to
the study of data complexity, and more especially in the extensions of DL-Litepos.

5.3 Hard cases in data complexity

To begin our study of cardinality query answering in data complexity, let us first
recall that we inherit the coNP upper bound from the general CCQ setting (see
Theorem 8 from Chapter 3) In this section, we exhibit three matching lower bounds
relying on three rather different mechanisms.

5.3.1 A reduction from 3-CoL

We begin with a reduction from the 3-COL problem to prove the coNP-hardness
of answering the concept cardinality query ¢g over a specific ££ TBox. The key
ingredient of the reduction is the ability the detect monochromatic edges with a
single £L axiom, while known reductions from 3-COL to the DL-Lite settings (see
e.g. Theorem 16 treating the case of CCQs) achieve this through a more involved
query. In other words, ££ TBoxes allow us to internalize sufficient parts of the
query so the latter can be restricted to a concept cardinality query.

Theorem 48. Concept cardinality query answering in EL is coNP-hard w.r.t. data
complexity.

Proof. We reduce the complement of the graph 3-colorability problem to answer-
ing the £L£ OMQ (¢, 7T), with ¢ = 3z B(z) and T containing A C JR.B and
JR.C, M IE.(FR.Cy) C B for k € {1,2,3}.
Let G = (V,€) be an undirected graph, and consider now the ABox given by:
A:={A(v) | v eV} U {E(v,va) | {vi,v} € E}
U {Ci(c1), Ca(ca), Cs(cs), B(ea), B(cz), Blcs) }

Set I = (T,.A). Observe that there are 3 ABox matches: c1, ¢y, c3. We claim:

[4,4+00] is a certain answer of ¢ w.r.t. K < G ¢ 3-CoL
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(<). Assume G ¢ 3-CoL. Let Z be a model of K and f : Ck — T a
homomorphism. We are interested in the image of elements v - R.B, with v € V,
whose existence in AC< is ensured by axiom A T JR.B. If there exists v € V such
that f(v-R.B) ¢ {c1,co,c3}, then f(v-R.B) provides a new match. Otherwise,
define the colouring induced by Z as pz(v) = f(v-R.B) € {c1,cp,c3}. Since
G ¢ 3-CoL, there exists an edge {vy,v2} € € with both vertices having the same
colour ¢, for some k € {1,2,3}. For the corresponding individuals v; and v,, the
axiom JR.Cy M 3E.(IR.Cy) C B triggers and provides two new matches: v; and vy.
In all cases, [4, +00] is a certain answer of ¢ w.r.t. .

(=). Assume G € 3-CoL. Take a 3-colouring p : V — {c1,¢p,¢3}, and
consider the interpretation Z, obtained from K in which we add facts R(v, p(v))
for each v € V, complying with the axiom A C 3JR.B. By definition of p, there
is no monochromatic edge, which ensures the three other axioms don’t trigger on
individuals v. This interpretation Z, is hence a model. It only has 3 matches, hence
[4,+00] is not a certain of ¢ w.r.t. K. O

This concludes for the present chapter our study of extensions of ££, for which
cardinality query answering is always coNP-complete in the worst case for data
complexity.

5.3.2 A reduction from 3-SAT

core
ingly, this setting has already been investigated in Calvanese et al. [2020a]. They
proved cardinality query answering over DL-Lite,os ontologies can be performed
in P, an upper bound that we refine further in Section 5.4, and that there exists
P-hard DL-Lite’f . ontologies for role cardinality answering. None of their bounds
in that work are tight and in particular the existence of coNP-hard cardinality
queries over DL-Lite?  ontologies was left open.
Through a reduction from 3-SAT, we exhibit a DL-Lite’ . ontology and a
concept cardinality query for which the answering problem is coNP-hard. The
construction relies mainly on role disjointness axioms to constraint the reuse of
individuals, when trying to minimize the number of instances for the query concept

which is entailed by the endpoints of different roles.

We now move to extensions of DL-Lite,s, as usual up to DL-Lite’ = KBs. Interest-

H

ore 15 CONP-complete

Theorem 49. Concept cardinality query answering in DL-Lite
w.r.t. data complexity.

Proof. We reduce the complementary of 3-SAT to the problem of answering the
concept cardinality query qc over the DL—Lite;’Lére TBox T containing the 7 following
axioms:

AC3JU JU CC UC-U BC3Iv Ijv-CC vVvC-V JU C-3IV™
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We first explain the general idea. Three individuals are introduced per proposi-
tional variable (one for the variable itself with concept A, two for its possible truth
values), as well as one individual per clause (with concept B). Each variable should
have a truth value given by U (whose possible values in the ABox are restricted
through the use of U’), and each clause should have a falsified literal given by V
(whose possibles values in the ABox are restricted, according to the input formula,
with V’). The input formula is a tautology iff every model introduces a new

element marked C (as a witness for either U or 3V). More formally, consider a
3

3DNF formula ¢(xy,...x,,) = \/ l;, with [; = /\(ﬂ)pi*jvm. Introduce the following
i=1 j=1
individual names:

|nd¢ = {Xl,. . .Xm,ll,. . .|n,t17. . .tm7f1,. . fm}
Consider now the ABox given by:

Ay = {AG0)s . Al), B, - B(a), C(ta), - Cltm), CF1), .. Cf)}
U {U’(xk,a) | 1<k< m, a & Ind¢ \ {tk,fk}}

U <V(l,a Vig = } U {ﬂ
{vina v

Set Ky = (T,Ay). Notice there are 2m ABoxes matches: t;...t, and fi,...fn,.
We now prove the following claim:

1< <n, aEInd¢\{ti

[2m + 1, +00] is a certain answer of gc w.r.t. K, iff Vx ¢(x)

(«<). Assume Vx ¢(x). Let Z be a model of Ky and f : Ck, — Z a homomorphism.
If there exists a k € {1,...m} such that f(x U) ¢ {t, fc}, then f(xU) is an
anonymous element, since U’ prevents f(x,U) to be equal to other individuals. As
f(xU) € CT, it provides a new match. Otherwise, define the assignment induced
by Z as pz(z) = 1 if f(xU) = t, and pz(z) = 0 if f(xU) = fx. Since Vx ¢(x),
there exists a satisfied clause /;. For this 4, the element f(I;V) cannot be equal to
any individual (as V' and JU~ prevent it), and therefore provides a new match for
gc. In all cases [2m + 1, 4+00] is a certain answer of gc w.r.t. Ky.

(=). Assume Jx —¢(x). Consider such a valuation p : x — {0, 1} such that
—¢(p(x)). For each clause [;, there exists (at least) a variable xj, which invalidates
l;. Consider the interpretation Z, obtained from Ky in which we add facts U(xy, tk)
iff p(x) = 1, resp U(x, fx) iff p(zx) = 0, and V(Ii,t,) if p(zg,) = 0, resp V(I;, fx,)
if p(xy,) = 1. By definition of variables xy,, we are ensured this interpretation Z,
is a model. It only has 2m matches, hence [2m + 1, +0o0] is not a certain of ¢¢
w.r.t. ]C¢. ]
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5.3.3 A reduction from SET COVER

While concept cardinality queries over DL—Literos ontologies are proven tractable in

the next section, our third reduction shows there exist coNP-hard such ontologies for
role cardinality query answering. This reduction plays a central role in Section 5.5,
as it is the prototype of such coNP-hard ontology-mediated role cardinality queries.
It exploits the propagation of some subroles of the query role to construct a
reduction from the SET COVER problem, and this propagation schema allows us
to separate exactly the coNP-hard ontologies (for a fixed query role), from those
that can be solved in P.

H

Theorem 50. Role cardinality query answering in DL-Lite,

w.r.t. data complexity.

18 coNP-complete

Proof. We consider the NP-complete SET COVER problem: given a set U, set of
subsets S C 2“ whose union is U, and number k, decide whether there exists
a k-cover, i.e. a subset C of S with |C| < k whose union is «. We reduce the
complementary of SET COVER to the problem of answering the role cardinality
query ¢s over the DL—LiteZ’és TBox T :={B C 3R;,R; C S,3dR; C IRy, Ry C S}.
From an instance of SET COVER we construct A = {B(u) | u € U} U {S(u,s) |
u € s,s € S}. Figure 5.2 depicts the ABox built from the following instance of

SET COVER:

U=11,2,3,4,5} S ={{1,2}, {3,4}, {4,5}, {1,2,3} } k

{1,2} {1,2,3} {3,4} {4,5}

Figure 5.2: The built ABox for the example instance of SET COVER.

We prove the following claim:

There exists a k-cover
iff
[Yses|s| + k + 1, +00] is not a certain answer for gs over K := (T, .A).
Intuitively, from a k-cover C, we obtain a countermodel in which role R; contains
pairs (u,s) such that u € s and s € C, and there is one outgoing Ry role from
each s € C. Notice there are at least m 4 := Yscs|$| many matches for gs from the
instances of S encoded in the ABox A.
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(=). Assume (U, S, k) € SET COVER. Take some k-cover F' C S of U. For each
u € s € C, enrich the ABox A with the assertions Ry (u,s), Ra(s,s) and S(s,s). The
resulting interpretation Zg (based upon the described enriched ABox) is a model,
as we introduced all needed roles. In addition to the m 4 ABox matches, each used
subset s provides one additional match since the assertion S(s,s) has been added.
We thus obtain a model with exactly m 4 + k matches, that is a countermodel for
[ma + k + 1, +00] being a certain answer.

(<). Assume (U,S, k) ¢ SET COVER. Consider a model Z of K and a homomor-
phism f : Cx — Z. or each u € U, we associate a subset p(u) := s if f(u-Ry) =s
and u € s € S, otherwise set p(u) := s,, where s, € S in any subset containing u
(if no such s,, then the SET COVER instance is trivially unsatisfiable). The image
p(U) is a covering of U, hence |p(U)| > k+1. By definition, for each s € p(U) there
exists u € U such that: either f(u-Ry) =swithu € s € S, or f(u-Ry) #¢ for
all w € s’ € S. In the first case, the pair (f(u-Ry), f(u-Ry-Rg)) is an additional
match. In the second case, (f(u), f(u-R;)) is a new match. Therefore we can
conclude that there are at least m 4 + k 4+ 1 matches in Z. O

5.4 Tractable cases in data complexity

In this section, we identify two settings in which cardinality queries can be answered
with the lowest possible complexity. As previously mentioned, a P procedure was
already provided in Calvanese et al. [2020a] for the even more restricted class of
cardinality queries over DL-Litepos ontologies. Our result refines and extends theirs:

Theorem 51. Answering a cardinality query q over a TBox T is in TC if either
(i) q is a role cardinality query and T a DL-Litecoe TBox, or (ii) q is a concept

cardinality query and T is a DL-Litelt,. TBox without negative role inclusions.

The remainder of this section is devoted to establishing TC® membership for
case (i) where our query is gs = Jz1 329 S(z1, 22) (see Section 5.4.1). A similar but
simpler argument can be used for the membership of case (ii) (see Section 5.4.3).
The lower bound, that is, TC’-hardness, is also discussed in Section 5.4.3 and
is easily shown, if the query predicate is satisfiable, by reduction from the TC’-
complete NUMONES problem [Aehlig et al., 2007| asking, given a binary string X
and k£ > 1, whether X contains at least k£ 1-bits.

Since we will be focusing on DL-Lite’! . KBs from the present section to the

end of the chapter, we recall the definition of the canonical models we consider,
slightly simplified to better fit our restricted setting |[Calvanese et al., 2007b].
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Definition 52. Every satisfiable DL-Litel:, . KB K = (T, A) has a canonical model

Cx, defined as follows. The domain of Cxc contains Ind(A) and all words aRy ... Ry,
with a € Ind(A), R; € N&, and n > 1, such that:

- K = 3R1(a) and there is no Ry(a,b) € A;
- for1 <i<n, T 3R, C IR and R; # Riya.

Concept and role names are interpreted as follows:

A% ={acInd(A) | K E Ala)}

U {aR;...R, € A\ Ind(A) | T E 3R, C A}
P ={(a,b) | P(a,b) € A}

U {(e1,e2) | ea =e1R and T =R C P}

U {(eg,€e1)| ea=eiRand TERC P}

We use geny to refer to the set of generated roles, i.e. those R € N§ such that A<
contains an element wR.

5.4.1 Role cardinality over DL-Lite.y.

Existing proofs of sub-polynomial data complexity for restricted classes of counting
queries rely on the canonical model minimizing the number of matches (see Chapter 4
and Calvanese et al. [2020a]). However, for the class of cardinality queries, the
canonical model may not yield the minimum value (see e.g. Example 20 below).
Therefore, we develop a different approach based upon a systematic exploration
of a set of models that is guaranteed to contain an optimal model and whose
size depends only on the TBox. This special set of models will be induced from
strategies that dictate how to merge elements of the canonical model. To show
such models contain the optimal value, we show that if we extract a strategy o
from an arbitrary model Z and consider any model 7 induced by o, then J has at
most as many matches as the initial model Z.

Example 20. As a running example, we will consider the KB K, = (T, A.) whose
TBozx contains the following inclusions

Ay C3IT, A,C3IT, IT;C3S IR, C IR,
B; C3R, B, 3R, JR; C3IS~ IR, C -IT;
3T, C3S IS C3IS IR, C IS

and whose ABozx contains the assertions

{Ai1(a1), Az(a2), Bi(b1), Ba(b2), Ri(a1,22),S(ba, b1) }
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Figure 5.3: Initial portion of the canonical model of .. For readability, we have
omitted concepts and highlighted the role S from the cardinality query.

Two finite models of KC. are displayed in Figures 5.4a and 5.4b. An initial portion
of (the infinite) canonical model of IC. is displayed in Figure 5.3. Observe that
gen, = {S, S7,R1, Ry, Ty, Tg}

Consider the role cardinality query qs. The answer to qs is 00 in Cx,, 6 in the
model from Figure 5.4a, and 5 in the model from Figure 5.4b. The latter implies
that [6, +00] is not a certain answer. We leave it is an exercise to find a model
with 3 matches and show there is no model with fewer matches, which means that
[m, 4+00] is a certain answer to qs over K. if and only if m < 3.

We now formalize the sketched approach. In order to abstract from specific
ABox individuals, we introduce types.

Definition 53. A type for a TBox T is a subset of sig(T)jCE. The set of all types
is O = 258(NE . We denote by Ox(d) the type of a domain element d w.r.t. K and
define it by: Ox(d) = {B €sig(T)Z | K = B(d)} if d € Ind(A), else Oxc(d) = 0.

Example 21. In our running example, O, (a1) = {A1, IRy, IT1} and b, () =0
(since a & Ind(A,) ).

We use types to define strategies, which indicate for each generated role R the
type onto which all elements wR should merge and whether roles with the same
target type should or should not be mapped onto the same element. Several copies
of a type might be required to comply with negative inclusions (e.g. R; and Ry
associated to the same type but the TBox satifies 7 = 3Ry T —3R;).
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(a) Another model of IC.. (b) Interpretation of strategy oe.

Figure 5.4: Finite models of the example KB K.. For readability, we have omitted
concepts and highlighted the role S from the cardinality query.

Definition 54. A strategy o for the TBox T is a partial function from sig(T)z to
Or x{1,... {sig(T)f%E }, satisfying the following two conditions:

1. For all R € dom(o), if o(R) = (t,4), then T = 3R~ C =B for all B € t.

2. For all Ry, Ry € dom(0), if 0(Ry) = o(Ry), then T |~ 3R] C —3R; .
Where dom(o) denotes the subset of sig(T)g on which o is defined.

This notion only depending on the TBox, the number of possible strategies is
constant w.r.t. data complexity. However, it also means a given strategy might be
irrelevant for a particular ABox, as it may require more copies of a type than the
ABox can provide. This motivates the following notion of legal strategy.

Definition 55. Let A be an ABox and K := (T, A). A strategy o for T is legal
for IC if it satisfies the following two conditions:

1. Coverage: gen = dom(o)
2. Availability: For all t € ©1, if t # (), then

{i | IR € gen,o(R) = (4,49)}| < |{a|a € Ind(A) A Ox(a) = t}].
Condition 1 ensures roles for which the strategy is defined are matching those

encountered in Ci, while Condition 2 requires the ABox provides at least as many
individuals of a non-empty type as the strategy requires copies of this type.
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Example 22. The following mapping o. is a legal strategy for IC.:

T, — (@, ].) Ry — ({Bl,EIRl,HS,EIS_}, ].)
Ty — (0,2) S = (0,2
R; — (@,2) ST o~ ({A1,3R1,3T1}, 1)

To construct a model from a legal strategy o, the basic idea is to merge elements
wR with an element of type o(R), with the latter selected according to a choice of
well-typed elements:

Definition 56. A mapping ch : genyc — Ind(A) W {L; | i=1,...,|sig(T)Z|}, is a
choice of well-typed elements for o over IC if it satisfies the following conditions:

1. For all R € geny, there exists 1 < i < |sig(T)g| such that o(R) = (6 (ch(R)), 7).

2. For all Ry, Ry € geny, we have ch(Ry) = ch(Rs) iff 0(R1) = o(Ry).

Example 23. The function ch,, defined as below, is a choice of well-typed elements
for a. over IC.:
T, — 17 Ty — 1o RlHJ_Q
Rgr—>b18»—>J_28_v—>a1

When reusing an element w.r.t. a strategy, we often take advantage of possible
existing S or S~ edges involving this element. Choosing such an edge, when it
exists, motivates the following definitions.

Definition 57. For every R € sig(T)jR[, pick a function succk that maps every
individual in {a | K = R(a,b) for some b € Ni} to an individual succk(a) such that
K |= R(a,succk(a)). The family of functions (succk)r is called a certain successor
preference. Similarly for a given interpretation I, a family of functions (succk)r
mapping an element d € (3R)T to an element e € AT such that (d,e) € RT is a
successor preference in Z.

It turns out however that when R =S or R = S, it is useful to depart from
the guideline of a strategy in order to reduce the number of query matches, as this
stand-alone example illustrates:

Example 24. Consider the canonical model of the KB formed by the TBox T =
{AC 3S,BC IS} and the ABoxr A = {A(a1),A(az),B(b1),B(b2)}. If we merge
a1S with axS, and byS™ with byS™, then there will be at least three matches of qs,
no matter which further merges are performed. However, by ‘pairing’ a; with by
and ay with by, we can obtain a model with only two matches: (a1, b1), (az, by).

The next three definitions serve to identify the critical elements for which such
a pairing operation is useful. Notice they are similar in spirit to those used within
the proof of Theorem 46, though slightly different for roles.
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Definition 58. We define positive (resp. negative) demanding individuals as:
Df :={a|a € Ind(A) and aS € A} Dy :={a|a € Ind(A) and aS™ € A<}

Definition 59. Given a strategy o, we define positive (resp. negative) demanding
roles as:

D ={R edom(c)\ {S,S7} | T E IR C3S and 3S ¢ t where (t, k) :=o(R)}
and
D, ={R edom(c)\{S,S7} | T EJR™ C IS™ and IS~ ¢ t where (t, k) := o(R)}.

Definition 60. Let ch be a choice of well-typed elements for o. We define positive
(resp. negative) critical elements as:

crit™ := D U ch(D)) crit™ := D U ch(Dy)

Example 25. For o, and ch, as defined in Examples 22 and 23, we have critt =
{32, bl, Ll, _]_2} and crit”™ = {327 J_Q}

Intuitively, a pairing matches critical elements from critt (which require an
outgoing S) with those from crit™ (which require an incoming S).

Definition 61. A pairing for ch and o consists of two partial functions p* : critt —
crit™ and p~ : crit™ — crit™ such that one of the functions is total and injective,
and the other is its partial inverse.

Example 26. A pairing for ch, and o, is given by p& = {ay — ap, by — Lo} and
pe_ = {32 —> ag,J_Q —> bl}
We are now ready to define the interpretation of a strategy.

Definition 62. Consider a strateqy o, choice of well-typed elements ch, certain

successor preference (succk)r and pairing (p*t,p~) for ch. Define function x as

follows:

A% — Ind(A) U {L; |i=1,...,|sig(T)E]}
a — a
succk (x(w))  if succk (x(w)) is defined
wS pT(x(w)) else if pT(x(w)) is defined
ch(S) otherwise

succk (x(w)) if succk- (x(w)) is defined
wST = P~ (x(w)) else if p~ (x(w)) is defined
ch(S™) otherwise
wR ~— ch(R)

The interpretation of o (according to ch, (p*,p~) and the succk ) has domain x(A%)
and interpretation function x o -°<.
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Example 27. With choice ch, and pairing (pt, p. ), we get x(boRs) = ch(Rz) = by,
x(b2R2S) = pf(b1) = Ls, and x(baR2S™) = succk (by) = by (observe that on our
example, the function succ’sc, 1s uniquely defined, and the same is true for the other

roles). Figure 5.4b displays the interpretation of o..

Observe that the interpretation of a strategy ¢ depends not only on ¢ but also
on the functions ch, p*, p~, succk. Importantly, however, the key property of such
interpretations (stated in Lemma 29 later in this section) holds for any particular
choice of these functions.

It remains to prove that a model minimizing the number of matches can be
found among the interpretations of strategies. The first step is to extract a strategy
from a model.

Definition 63. Let Z be a model of IC, f : Cxx — Z be a homomorphism, and repr
be a function mapping each role R € geny to an element with shape wR from A%,

Then P ={Pi,..., P}, defined by
{Pr,.... B} = {(forepr) ' (w) | w € AT} \ {0}
is a partition of geny.. The strategy extracted from T (for f and repr) is defined as:

gene — Orx{l,..., sig(T):,%‘}
R +— ((Oco forepr)(R),i) with R € P,

Example 28. In our running example, there is a unique homomorphism f. from
Ck, to the model displayed in Figure 5.4a. Let repr, be:

T1 — a1T1 R2 — b2R2 T2 — a2T2
S —  b;SSS Ri — biR; ST = aS™

The strategy extracted from this model (for f. and repr,) is the strategy provided in
Example 22.

We further introduce the following useful lemma, stating that a choice of well-
typed elements for a strategy o extracted from a model provides, as one would
expect, elements with the same type as those used in the first place to extract the
strategy o.

Lemma 28. Let A be an ABox and K := (T, .A). Let repri be a function mapping
each role R € geny to an element with shape wR from A%, Let T be a model of
K, and let f : Cx — L be a homomorphism. Let ch,/c be a choice of well-typed
elements for o forepr,. over A. The strategy O forepr, extracted from I (for f and
repry ) preserves both:
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1. VR € geng, Ox(chs,,y,, /c(R)) = Oxc(f(repre(R)))
2. VR, T € geng, Choforepr,C/IC<R') = chaforeer/,C(T) < f(repric(R)) = f(repri(T))

Proof. 1. Let R € geny.. By definition of 0 ferepr,., there exists i € {1,. .. [sig(T)|}
such that o forepr,. (R) = (0 0 forepry)(R), i) with R € P;. From Condition 1
of Definition 56, we get o forepr,. (R) = (Oic(chy ., /kc(R)),4), which gives the
desired equality of types.

2. From Condition 2 of Definition 56, ch,/c(R) = ch,/ic(T) iff oforepr . (R) =
O forepr. (T). If f(repri(R)) = f(repr(T)), then by the definition of the
extracted strategy, we have o torepr,. (R) = 0 forepr,. (T), so we are done. Con-
versely, if chy/c(R) = chy/xc(T), then o forepr (R) = 0 forepr, (T). This implies
in particular that R and T belong to the same P;, hence f(repri(R)) =
[f(repric(T)). 0

By applying the next lemma to a model Z having the fewest possible number of
matches, we obtain the desired conclusion: there is a model minimizing the number
of matches among the models obtained by interpreting a strategy.

Lemma 29. Let T be a model of IC, and J an interpretation of a strategy extracted
from Z. J is a model of KC and qg <q.

We first prove the first point of Lemma 29, stating the interpretation of a
strategy extracted from a model is also a model, in the following stronger form,
which does not require the strategy to be extracted from a model in the first place.

Lemma 30. Let A be an ABox and K := (T,A) a satisfiable KB. Let (succk)r
be a certain successor preference. Let o be a legal strategy for K. Let ch,/x be a
choice of well-typed elements for o over K. Let pairchg/’C = (pair:rha/lC7 pairc_hdm) be
a pairing for ch,/c and 0. Then the interpretation J of o (according to chy i,
paire, ., and (succR)r) is a model.

Proof. Assertions from the ABox and positive inclusions from 7 are satisfied since
the interpretation 7 is built from Cx. Indeed, suppose that BC C € T and d € B7.
Then from the definition of 7, there exists w € A< such that w € B®< and
d = x(w). Since Cx satisfies B C C, we have w € C°<. If C € N¢, this immediately
gives d € C7. If C = 3R, there exists w’ such that (w,w’) € R, and hence we
will have (y(w), x(w')) € RY, which yields w € C%.

Consider now a negative axiom of the form B C —C. By contradiction assume
there is an element d such that d € BY N C7. In what follows, Y is the function
used in the definition of 7.

1. If € = B(d) and K |= C(d), then this contradicts K being satisfiable.
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2. If € E B(d) and K [~ C(d), then d = x(wT) with T € gen and 7 = 3T C
C. Indeed K £ C(d) ensures d is not the image through x of some individual
certainly satisfiying C. Nevertheless, since d € C7, it must be that d is the

image through  of some anonymous element, say wT, such that wT € C.
By definition of C$., it yields 7 = 3T~ C C.

(a) If d = succk(x(w)) with T € {S,S™}, then T(x(w),d) € A, contradict-
ing IC = C(d).
(b) If d = pairjhg/’C (x(w)) with T =S, then in particular d € critg, .

- If d € D, then in particular K = 357 (d), contradicting K = C(d).

- If d = ch, /i (To) with Ty € D, then in particular 7 = 3T, C 3S~.
Hence 7 |= 3T; C —B. Condition 1 in the definition of a choice of
well-typed elements ensures o(Ty) = (6x(d), 7). Condition 1 in the
definition of a strategy ensures B ¢ 0x(d), contradicting K |= B(d).

(c) If d = pairc’ha/’c(x(w)) with T = S~. Same argument as in Case 2.b,

based on d € crit};, .

(d) If d = chy/xc(T). Condition 1 from the definition of choice of well-typed
elements ensures o(T) = (fx(d), 7). Condition 1 from the definition of a
strategy ensures B ¢ 0x(d), contradicting K = B(d).

3. If £}~ B(d) and K = C(d). Symmetric to Case 2.

4. If £ I~ B(d) and K = C(d), then d = x(wR) = x(w'T) with R, T € geny
such that 7 3R~ C B and 7 = 3T~ C C, due to the same reason than in
Case 2, applied here to both concepts B and C.

(a) If d = succk (x(w)) with R € {S,S}, then R(x(w),d) € A, contradict-
ing IC }= B(d).
(b) If d = pairg, (x(w)) with R =S, then in particular d € crity, .

- If d € Dy, then it contradicts KC = B(d).
- If d = ch,/k(Ro) with Rg € D, , then in particular 7 = 3Ry C 3S™.
i. If d = succk(x(w')) with T € {S,S7}, then it contradicts
K ¥ C(d).
i If d = pairjham(x(w’)) with T = S, then 7 | 35S~ C —-3S".
Contradiction.
iii. If d = pairg, (x(w")) with T = S™, in particular d € crit:“ha/lc.
- If d € D then it contradicts K £ C(d).
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- If d = chyk(To) with Tg € DF, then in particular T |=
dT, £ JS. Condition 2 in the definition of the choice of
well-typed elements ensures: o(Rg) = o(Ty). Condition 2
in the definition of a strategy ensures: 7 [~ IR, C —3T,
contradicting 7 = B C —C.

iv. If d = ch,/c(T). Condition 2 in the definition of the choice
of well-typed elements ensures: o(Rg) = o(T). Condition 2
in the definition of a strategy ensures: T = dR; C —3T~,
contradicting 7 = B C —C.

(c) If d= pairg, (x(w)) with R = S~. Analogous argument to Case 4.b.
(d) Tf d = chyc(R).

i. If d = succk(y(w')) with T € {S,S™}, then it contradicts K & C(d).
ii. If d = pair:hﬁr,k,(,\ﬁ(u'/)) with T = S. Symmetric to Case 4.b.iv.
iii. If d = pairg, (x(w')) with T = S~. Symmetric to Case 4.c.iv.

iv. If d = ch,/kc(T). Condition 2 in the definition of the choice of
well-typed elements ensures: ¢(R) = ¢(T). Condition 2 in the
definition of a strategy ensures: T [~ 3R~ C —3T, contradicting
T E=BC -C. O

In order to prove the second point of Lemma 28, stating that the interpretation
J of the strategy extracted from a model Z has at most as many matches as the
initial model Z, we need to understand which pairs appear in the role of interest S
in an interpretation of our strategy. This is the purpose of the following result.

Lemma 31. Let A be an ABox and K := (T, A). Let (succk)r be a certain
successor preference. Let o be a legal strategy for K. Let chy/x be a choice of
well-typed elements for o over K. Let pairchg/,C = (pairjhom, pairc_ham) be a pairing

for chg . Denote by J the interpretation of o (according to ch, i, paircham, and
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(succR)r). We have:

S7 = {(a,b) | K ES(a,b)} Shape 1

(x y € crltjh X critg,
U o/k Shape 2
U { z, chy (S ‘ x € crith, \dom(pairjhvm)} Shape 3"
U { che k(S ’ y € critg, \dom(pairc’hom)} Shape 3~
‘critjho/’c‘ > )crit;w]c) \
U < (chy/(S),chyc(S)) | TEISTESS Shape 4+
3S ¢ Oic(chyx(S))
( che/ic(S) & che/xc (D)
( . +
C”tcham‘ > |crit], o/
U (chope(S7)chayc(87)) | T FISE3ST Shape 4~
39S~ ¢ QK(ChU/)C(Sf))
( chyic(S7) € choyic(Dy)

Notice there can be no overlap between two distinct shapes and that shapes with
opposite superscripts cannot coexist.

Proof sketch. The full proof can be found in the appendix and simply proceeds
by case analysis based on the definition of the interpretation of the role S in the
canonical model and on the function x from Definition 62. ]

We next need to understand how to relate the elements of J with the elements
of the original model Z. In particular, we are interested in critical elements, which
motivates the following definition.

Definition 64. Let A be an ABoz and K := (T,.A). Let repry be function mapping
each role R € geny to an element with shape wR from A%, Let T be a model of K
and f: Cx — L be a homomorphism. Let o be the strategy extracted from T (for f
and repric ). Let ch,/xc be a choice of well-typed elements for o over KC. The origins
of critical elements are given by:

orit : crit} — AT
/K
N x if v € Dy
o f(repri(R)) if x = ch,/c(R) with R € DF
ori” : crity, — AT
/)C . —
y Yy if y € Dy
f(repric(T)) if y =chyyc(T) with T € D
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Notice the second point in Lemma 28 ensures that ori™, resp. ori™, is well defined,
that is, it does not depend on the choice of the role R, resp. T.

Observe that this way of associating critical elements with elements of the
original model is injective.

Lemma 32. The functions orit and ori” as defined in Definition 64, are injective.

Proof. Let z,2' € crit], 1 such that orit(z) = orit(z’). We consider the four

possible cases.

1. Suppose x € D}-.

(a) Suppose =’ € D}-.
Trivial: z = ori*(x) = ori*(2/) = 2’.

(b) Suppose 2’ = ch,/c(R’) with R € D} .
On the one hand, statement 1 from Lemma 28 ensures f(z') =
O (f(repric(R’)). Since by our assumptions we have z = ori* (z) =
orit(a') = f(repric(R’), we get Ox(z) = Ox(f(repric(R’)), hence Ox(2') =
Ox(z). Since x € Dy, this means in particular that 3S € i (z).
On the other hand, ch,/x must satisfy Condition 1 of the definition of
choice of well-typed elements, so o(R") = (6x(2’), ) for some i. However,
from R’ € D}, we have that 3S ¢ 0(2'), a contradiction.

2. Suppose = = ch,/c(R) with R € Df.

(a) Suppose 2’ € D
Symmetric to Case 1.b.

(b) Suppose 2’ = ch,/c(R’) with R € D}.
Then O (f(repric(R)) = O (f(repri(R’)). Statement 2 from Lemma 28
yields ch,/xc(R) = chy/xc(R’), hence 2" = .

Therefore, orit is injective. The argument for ori~ is symmetric. O]

We are now ready to prove the second point of Lemma 29, which is formulated
in full detail in the following statement.

Lemma 33. Let A be an ABox and K := (T,.A). Let repri be function mapping
each role R € geny to an element with shape wR from A%, Let T be a model of
K and f : Cx — Z be a homomorphism. Let o be the strateqy extracted from T
(for f and repry ). Let ch,/c be a choice of well-typed elements for o over K. Let
paircham be a pairing for ch, /. Denote by J the model resulting from interpreting
the strategy o (according to chy ., pairy,
Then we have:

e and any certain successor preference).

¢ < ¢t
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Proof. In the following, assume ‘critjhg/’C

‘ > ’critc_hc/lc’ so that the only possible

shapes for matches are 1, 2, 3" and 47. The case ‘crit;1 p

‘ > ‘critjhgm‘ with
possible shapes 1, 2, 37 and 4~ is symmetrical.

Pick some successor preference (succ)g for Z (refer back to Definition 57). We
associate with each match 7 of ¢s in J, seen as the pair (7(z;),7(22)), a match

p(m) in Z depending on the shape of 7:

(a,b) if 7 = (a, b) has Shape 1
p(m): < (orit(x),succk(orit(x))) if 7 = (z,y) has Shape 2 or 3*
(f(repryc(S)), succg(f(repric(S)))) if ™ = (che/xc(S), chyyic(S)) has Shape 47

Notice that in all cases p(m) is indeed a match in Z. This is obvious if 7
is of Shape 1. When 7 of Shape 2 or 3T, orit(z) is an element of A that
possesses an S-successor, so succt (orit(z)) is well defined, and we have p(m) =
(orit (), succt (orit (z))) € ST. Finally, if 7 is of Shape 47, this means 7 = 35~ C
3S, succk (f(repri(S)))) is well defined, and (f(repric(S)), succt (f(reprc(S)))) € S%.

It now remains to verify p is indeed injective, a case analysis can be found in
the appendix. O

5.4.2 Construction of the TC® circuits

We now sketch how to construct a family of TC? circuits (one for each size of ABox)
to decide the role cardinality query ¢g over a DL-Lite.,e TBox 7. Each such circuit
first computes the set gen, and the type of each ABox individual. Next, for each
function g : gene — O x {1,..., |sig(T)g|} satisfying Definition 54, the circuit
decides whether p is a legal strategy for K (i.e. if Definition 55 holds), and if so,
computes the number of matches of gg in interpretations induced by p. Importantly,
this can be done without actually building interpretations: in Lemma 35 below, we
give an explicit formula for this number which can be computed with a TC? circuit.
Moreover, the number of strategies depends only on |7, so is constant w.r.t. data
complexity. Finally, the circuit computes the minimum value across strategies and
compares it with the input number.

To avoid computing an actual model interpreting a strategy and then computing
its number of matches, it is useful to observe that this value is easily decided in
advance and, in particular, is independent of the choice of well-typed elements and
of the pairing. This is expressed by the following lemma.

Lemma 34. Let A be an ABox and K := (T, A). Let o be a legal strategy over
K. Every model interpreting the strateqy o provides the following number A,/ of
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matches:
Ao = |{(a,b) | K S(a,b)}| + max (|D| + |o(DH)], | Dk| + |o(D;)])
\f{i §S|U(D§%| > |Di| +[o(D;)]
| -C
L 35t i o(S) = (4 k)
o(S) & o(DF)
\71_);’;\ ;rs\a(gg_ﬂ > | D]+ [o(DF)]
. C d5™
L 35 ¢t ifo(ST) = (4 k)
o(S7) ¢ o(D;)

Before giving the proof of the preceding lemma, it will helpful to first establish
the relationship holding between the sizes of the sets D}, D}, Dy, D, and the sets
of critical elements.

Lemma 35. Let ch,/c be a choice of well-typed elements for a legal strategy o over
IC. Then the sets crit:“hg/)C and crit;%r/,C satisfy the following:

. + C—
Crltcha/,c cntchg/)C

= |Dx| + |o(D;)].

| = [D¢] + |o(@2)]
In particular, the sizes of critjha/’C and Crit;r][,/,c do not depend on chy /ic.

Proof. First we prove that Dy and ch,c(DJ) are disjoint. Notice that if a € D,
then 3S € 0x(a). Therefore, if ever ch,/k(R) = a, then by Condition 1 from
the definition of a choice of well-typed elements: o(R) = (6x(a), k), which would
contradict R € D}. Hence D N ch,/c(DS) = 0. We conclude by applying
Condition 2 from the definition of a choice of well-typed elements, which ensures

that |ch,/c(DS)| = |o(DJ)|. The case of critgy,, . 1s symmetric. O
We now return to the proof of Lemma 34:

Proof of Lemma 34. Let J be the interpretation of ¢ obtained according to a
choice of well-typed element ch, /x, a pairing pairchgm, and some certain successor
preference. From Lemma 31, and recalling that distinct shapes are incompatible,
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we have:

IS7| = |(a,b) | K }=S(a,b)}| from Shape 1
+ min ( critjha/}c‘, Crit, D from Shape 2
+ max <‘crit:“hom‘ — ‘crit&am‘, 0) from Shape 37"
+ max (‘Crit&(,m‘ - ‘critjhom ,0) from Shape 3~
+1 if Shape 47 is active
+1 if Shape 4~ is active

= |{(a,b) | K =S(a,b)}| from Shape 1

+ max <‘critjham , ‘critc_ha/ch joint Shapes 2, 2 and 3~
+1 if Shape 47 is active
+1 if Shape 4~ is active

We can then apply Lemma 35 to express crit:rha/)C and Critc_h(,/,c in terms of the

sets D, D, Dy, D, . We also use Condition 1 from the definition of a choice of
well-typed elements in order to replace 3S ¢ Ox(ch,/c(S)) by 3S & tif o(S) = (t, k),
and Condition 2 to replace ch,/x(S) ¢ ch, /(D) by o(S) ¢ o(D;) (and similarly
for S7). It can be verified that this indeed yields the desired number A, k. O

We now describe in detail the family of TCY circuits to decide our problem. We
create one circuit for each possible number ¢ of individual names. We can assume
w.l.o.g. that the same set of individuals, denoted Ind,, is used for all of the ABoxes
having ¢ individuals. In what follows, we introduce the different gates which are
used for computing the various sets and values used in the construction and how
they are connected to each other. Input gates are represented by 7, conjunctive
gates by A, disjunctive gate by V, negation gates by — and a threshold gate with
threshold k by T®®). Each gate is identified and refereed to by a label label indicated
by a subscript, e.g. Vigper-

We start by the input gates which show how we represent an input (A*, m*) to
the circuit that handles /-individual ABoxes. It can be verified that for each of the
gates we introduce decides the statement or property occurring in its label (with
A*, resp. K* = (T, A*) substituted for A, resp. K).

Input gates

Each atomic role P appearing in 7 is represented by input gates ?p(sp)c4 for
a,b € Indy. The gate ?p(ap)ca is set to 1 iff P(a,b) € A*.
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Each atomic concept A appearing in 7 is represented by input gates ?(a)ea
for a € Ind;. The gate ?5a)ea is set to 1 iff A(a) € A*.

The integer m* is represented in binary by input gates 7, —; for each 0 < k <
log, (|Ind(A*)| + | T])!). The gate 7;,—; is set to 1 iff the k*" bit of m* is 1 (with
0'-bit being the least significant bit).

Regarding the last point, we use the observation from Kostylev and Reutter
[2015] that if m* is a certain answer for ¢ over C*, then m* cannot exceed (|Ind(A*)|+
TPl = (Jindg| + [T, We denote K this upper bound. This is a direct
consequence of the fact that every satisfiable DL-LiteX . KB K = (T, .A) has a
model with at most |Ind(A)| + |7 elements.

Gates computing available roles and entailed concepts for individuals
For each positive role R and each individual name a € Ind,, introduce a

disjunctive gate V3 x=r(a,p) taking as inputs:
- 7R(ap)ea for each b € Ind(A), if R € Ng.
- ?p(bajea for each b € Ind(A), if R = P~ with P € Ng.

For each positive concept B and each individual name a € Indy, introduce a
disjunctive gate Vip(,) taking as inputs:

- 7a(a)ea for each atomic concept A such that 7 = A C B.

- VabxR(a,b) for all role R € N§ such that 7 = 3R C B.

Computing types and counting number of occurring types

For each type t € ©+ and each individual name a € Indy, introduce a conjunctive
gate Ag,(a)—t taking as inputs:

- VieB() for each positive concept B such that B € t.
- the negation of Vip,) for each positive concept B such that B ¢ t.

For each type t € ©1 and each k € {0, ... |sig(7')§|}, introduce a threshold

7

gate 3>k ind. of type t

taking as inputs: Ag,(a)=¢ for each individual name a € Ind,.

Remark: Notice here that k ranges up to }sig(T)f@;} as any strategy requires at most
this many copies of a type (see availability condition from Definition 55). Notice
also the label “3> ind. of type t’, which stands for [{a € Ind, | Ox(a) = t}| > k.
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Identifying generated roles

For each individual name a € Ind; and each positive role R, introduce a con-
junctive gate A grcace taking as inputs: Vi3r() and the negation of Vap kgr(a,b)-

For each positive role R, introduce a disjunctive gate Vgregen, taking as inputs:
Asrencx for each positive role T such that 7 ensures that if aT € A% then there
exists a word w starting with T and ending by R s.t aw € A%,

Identifying demanding individuals (see Definition 58)

For each a € Indy, introduce a conjunctive gate Naent: taking as inputs: Vic3g(a)
and the negation of V3, xs(a,b)-

For each a € Ind,, introduce a conjunctive gate Naeny taking as inputs: Vigs-(a)
and the negation of Vg, kg (ab)-

Deciding legality of each strategy o (see Definitions 54 and 55)

Introduce a conjunctive gate Acoverage » taking as inputs:

- VRegen, for each positive role R € dom(o),
- the negation of Vgegen,. for each positive role R ¢ dom(c).

(%)

sz ind. of type t for

Introduce a conjunctive gate Auvilability » taking as inputs: T
each type t being required k times by o.
Introduce a conjunctive gate Ajegal » taking as inputs: Acoverage o a1 Aayailability o-

Computing ),/ for each strategy o (see Lemma 34).

A threshold gate T N w1, for | A threshold gate ™ _, for
ma+|Di|+|o(DF) |2k ma+|Dic|+|e(D5)| >k

each k € {0,..., K} with inputs: each k € {0,..., K} with inputs:

- 75(ap)ea for each (a,b) € Indy x Indy, | - ?g@ap)eca for each (a,b) € Ind,; x Indy,

- Nsep;: for each a € Dy, - Asepy. for each a € Dy,

- |o(D})] copies of a true gate true. - |o(D;)| copies of a true gate true.

Introduce /\]DEMG(D?!)]:\D,E\+IU(DE)]=k—mA for each k € {0,..., K} with inputs:

- and the negation of 7+

ma+|Df|+|o(DF) |2k

(k)
ma+|Di|+|o(D7) |2k

ma+| D |+ |0 (DF) | 2k+17

(k+1)

and the negatlon of TmA+|DE|+|U(D;)|Zk+1’

= /\legal o-
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Notice that for the latter and upcoming gates of this block, we omit “legal ¢” from
the labels for clarity.

Gate Mg | fooa)|<[og |+ |0 -k-ma | GB No|fo(or)|<|of |+ |0 | k-ma
for each k € {0,.. ., K} with inputs: for each k € {0,..., K} with inputs:
_ ) .
the negation of T +’D+M (OF)[# TmA+|D$|+‘U(D:)’2k and the negation
. of T+
-tk _._and the negation ma+|DiE|+|o (D) [Zk+17
ma+|Di|+|o(Ds)| >k
(k1) _ , - the negation of T (k) ,
ma+|Dg |+|o(D5)|>k+1 A+|Dg [+]o (D7) | >k
= /\legal o = /\legal o

For each k € {0, ..., K}, introduce a disjunctive gate V), =k taking as inputs:
" Al o@Dl= x| +lo@)]=k-ma

- If 7 E3SC3S,3S ¢ twith o(S™) = (t, k) and 0(S™) ¢ o(D;), then gate
/\|D+|+| D+| |DIC|+| | k—1—ma 0therw1segate /\|D;€|+|a | |DIC|+| | k—m.4?

-7 E3ISTC IS, 3S ¢ twith o(S) = (4, k), and o(S) ¢ o(DJ), then gate
/\|D,C|+|o )| <[P |+|o (@) |=k—1-ma> otherwise gate/\|Dz|+|a(D;L)|<|D,€|+|0(D;)|:kfmA'

We are now able to compute the minimal number of matches given by legal
strategies.

Final comparison with the input integer (see Lemma 29).
For each k € {0,..., K}, introduce a disjunctive gate V i, A ,/c<k taking as inputs:

legal o

M, =k for each strategy o and each kK < k.

legal o

For each k € {0, ..., K}, introduce a conjunctive gate A,,— taking as inputs:
- 7p,=1 such that the 4% bit of the binary encoding of k is 1,
- the negation of 7;,,—; such that the 4% bit of the binary encoding of k is 0.

For each k € {0, ..., K}, introduce a conjunctive gate A pin » o e>m=k taking as
legal o
inputs: A,,—x and the negation of V Jmin Ay <k
Introduce an output disjunctive gate V min A, c>m taking as inputs: A pin A o/ >m=k

legal o legal o
for each k € {0,..., K}.
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To complete the proof, we observe that, since the TBox 7T is fixed, the number
of gates is polynomial in the described family of circuits. Moreover, all circuits
in the family have the same depth (13). Thus, the construction yields a TC® of
circuits for deciding the role cardinality query gs over the DL-Litece TBox 7 and
establishes membership in TCY.

H

tore Without role in-

5.4.3 Concept cardinality over DL-Lite
clusions

We now turn to the case where T is a DL-Lite’’ . TBox without negative role
inclusions and qc is the concept cardinality query: 3z C(z).

Due to a simpler shape of the query, several notions simplify. In particular,
distinguishing between positive and negative critical elements is no longer necessary

and these notions can be unified as follows.
Definition 65. Let o be a strateqy. Define demanding roles D, as:

R € dom(o)
D, = {R|TE3JR CC
Cé¢tifo(R)=(tk)

Let ch, i be a choice of well-typed elements for o over K. Define the set of critical
elements as:

Criteh, . = chy /i (Dy)

Pairing is also no longer necessary, which means the interpretation of a strategy
can be drastically simplified as follows.

Definition 66. Let A be an ABox and K := (T,A). Let o be a legal strategy
over K. Let chy/x be a choice of well-typed elements for o over A. Consider the
following mapping:

X : JANZ N Ind(A) U {L; | i:l,...‘sig(T)?{[‘}
a — a
wR +— Chg/,C(R)

The wnterpretation J of o w.r.t. ch,x is defined as the image of C through y: its
domain is A7 = x(A°%), and its interpretation function is -7 = x o °k.

Under these updated definitions, notice the Lemma 29 still makes perfect sense,
and we start by proving it, following closely the analogous proof for role cardinality
queries.
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Proof of Lemma 29 for concept cardinality queries

We first prove the first point of Lemma 29, stating that the interpretation of a
strategy extracted from a model is also a model, in the following stronger form,
not requiring the strategy to be extracted from a model in the first place.

Lemma 36. Let A be an ABozx and K := (T,.A) be a satisfiable KB. Let o be a
legal strategy over K. Let chy/xc be a choice of well-typed elements for o over A.
The wnterpretation J of the strategy o w.r.t. chy/x is a model.

Proof. Assertions from the ABox and axioms without negation are satisfied since
the interpretation J is built from Cx. Consider now a negative concept inclusion
B; C —B,. Assume for a contradiction that there is an element d such that
d € ByY N By7. There are four cases to consider:

1. If € = By(d) and K |= Bs(d), then this contradicts K being satisfiable.

2. If £ = Bi(d) and K [~ Ba(d), then d = x(wR) with R € geny and T =
JR™ C B,. In particular, d = ch,/c(R) and 7 |= 3R~ C —B,. Condition 1
from the definition of choice of well-typed elements ensures o(R) = (6x(d), 1)

for some i. Condition 1 from the definition of a strategy implies that By ¢
Ox(d), contradicting K = By (d).

3. If € }£ By(d) and K |= By(d). Symmetric to Case 2.

4. If F’é Bl(d) and K F’é Bg(d), then d = X(wlRl) = X(w2R2) with Rl €
gene, Ry € gen., T = FR; C By and T = JR; C By. In particular,
d = chy/ic(R1) = chy/ic(R2). Condition 2 in the definition of the choice of
well-typed elements ensures: o(R;) = 0(Ry). Condition 2 in the definition of
a strategy ensures: 7 [~ JR] C —3JR,, contradicting 7 | By C —Bs. ]

In order to prove the second point of Lemma 28, stating an interpretation J
of the strategy extracted from a model Z has at most as matches as the original
model Z, we need to better understand what kinds of matches of g can be found
in 7. This is achieved by the following result which precisely characterizes C7

Lemma 37. Let A be an ABox, and K := (T,A) be satisfiable KB. Let o be a
legal strategqy over IC, and let ch, i be a choice of well-typed elements for o over K.
Denote by J the interpretation of o w.r.t. ch,/c. Then we have:

C7 = {a|KEC@)} (Shape 1)
U {chy/xc(R) | R€D,}  (Shape 2)

Furthermore, there is no overlap between these two distinct shapes.
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Proof. The first inclusion (C) is rather straightforward. We therefore focus on
proving the direction (2).

1. Let a be such that £ = C(a), in particular a € Ind(A). By definition,
x(a) = a, hence a € C7.

2. Let R € D,. By definition of geny, there exists wR € Cx. By definition of the

interpretation of a strategy, x(wR) = ch,/c(R). Moreover, R € D, implies
that 7 = 3R~ C C, which ensures wR € C%. Therefore ch,/c(R) € C7. O

We can now prove the second point of Lemma 29, recalled in the following
statement.

Lemma 38. Let A be an ABozx and K := (T,.A). Let T be a model of K. Let o be
the strategy extracted from I. Let ch,/c be a choice of well-typed elements for o
over K. Denote J the resulting interpretation of o. We have:

¢’ <q".

Proof. Associate each match 7 of ¢ in J to a match p(7) in Z depending of the
shape of 7:

( z = w(z) if 7 has Shape 1
)
P z +— f(reprie(R)) if m has Shape 2 with m(2) = ch,/c(R)

Notice p(m) is indeed a match in Z. We now prove that p is injective. Let
T1,72 0 @ = Topor,. P€ two matches such that p(m) = p(m2). We consider all four
cases:

L L m(z) = p(m)(z1) = p(m2)(21) = m2(21) and mi(z2) = p(m)(22) =
p(ms)(22) = ma(22).
2. We have m,(2) = ch,/c(R) with R € D,. Therefore C ¢ 0x(ch,/c(R)).

Lemma 28 provides 6k (chy/c(R)) = Oxc(p(m2)(2)). Recall p(m1) = p(m2),
hence C ¢ O (mi(2)). Contradiction with K = C(m(z)).

2. 1. Symmetric to Case 1.2.

2. We have 7(2) = chy/c(Ry) with Ry € D, and m5(2) = ch,/xc(R2) with
Ry € D,. Therefore f(repri(R1)) = f(repri(Ry)). Lemma 28 provides
71(2) :7T2(Z). ]
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Number of matches in the interpretation of a strategy:.

We will again avoid having to produce interpretations of strategies by showing that
we can directly determine the number of matches occurring in such models. This
is the purpose of the following lemma.

Theorem 52. Let A be an ABox, and K := (T,.A) be a satisfiable KB. Let o be
a legal strategy over KC. Any interpretation J of the strategy o has the following
number A, /i of matches:

Ao = Ha | K= C@)} + [0(Ds)|

Proof. The equation immediately follows from Lemma 37 and by noticing that

‘critcha e
typed elements. O

= |o(D,)| due to second condition in the definition of a choice of well-

The family of circuits.

To complete the proof, we describe how to construct a family of TC? circuits that
can be used to decide our problem. The construction is very similar to the one
given for role cardinality queries, so we simply mention the updates required to
adapt the family of circuits to concept cardinality queries.

- We need to introduce further gates in the second block to compute entailed role
assertions.

- The circuits in the block “Deciding demanding individuals” are no longer required.

- Each block dedicated to a particular strategy simplifies as we no longer need
to compare the size of positive vs negative critical elements: each strategy still
comes with a specific number of additional matches |0(D,)| due to demanding
roles, again introduced through constant gates, and counting ABox matches
needs to be slightly updated from the role setting to the concept one.

To match our TC® membership results, it is natural to investigate the TC-
hardness of our problem in these situations. We show that as soon as the query pred-
icate is satisfiable, then it is sufficient to obtain TC-hardness (for any DL-Lite?f .
TBox), and it also necessary as the excluded situations can be decided within AC’
(which we recall is the circuit complexity class obtained from TC’ by disallowing

threshold gates). We thus prove the following statement:

Theorem 53 (TC%hard / in AC°). Let q be a cardinality query and T be a
DL-Litel . TBox. If the query predicate is satisfiable w.r.t. T, then answering q

core

over T is TC -hard. Otherwise it is in AC°.
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The argument for AC® membership is trivial: a cardinality query with an
unsatisfiable predicate admits as certain answers precisely those intervals of the
form [0, M], since every model will contain 0 matches.

For both concept and role cardinality queries, we show TC’-hardness by AC"-
reduction from the NUMONES problem, known to be TC’-complete Aehlig et al.
[2007]. The problem NUMONES is to decide, given as input an integer k > 1 (given
in binary) and a binary string X, whether the number of 1-bits in X is at least k.

We note that we cannot reuse the TC’-hardness proof given in Bienvenu et al.
[2020], since that result used a rooted counting query coupled with an empty TBox.
By contrast, we consider non-empty TBoxes which may include existential axioms,
and our queries may match to unnamed elements.

Proof for concept cardinality queries. Let qc be our concept cardinality query and
assume C is satisfiable w.r.t. our TBox 7. Set K1) := (T,{C(a)}). Our assump-
tion ensures K7, is satisfiable hence its canonical interpretation (model) Ci,
is indeed a model. Let (k, X) be an instance of NUMONES. Consider the following
ABox:

A ={A(auxy) | a € A%} U{R/(auxy, auxg) | aR € A0 T =R C R}
U {A(b) | bit b of X is equal to 1,a € AC’CW‘I)}
U {R/(b,auxg) | bit b of X is equal to 1,aR € A« T =R C R}
U{A(auxg) | wR € A®To T = 3R C A}
U {R(auxr, auxg) | wTR € A®7a T = RC R’}

Note that in particular that A will contain C(b) for every 1-bit b of X, as
well as C(auxy). The auxiliary individual aux; mimics a 1-bit from X in order to
appropriately handle the case in which X doesn’t contain any such bit. As the
notation suggests, auxiliary individuals auxg are intended to receive all needed
outgoing roles R from other elements (so auxg is intended to satisfy the concept
JR7). Note that by construction the interpretation based upon A already satisfies
all of the TBox axioms. In particular, this means that there exists a model of (7,.A)
all of whose matches are already present in 4. We can thus focus on counting the
matches explicitly given in A.

Observe that the number m of matches of qo among the auziliary elements only
depends on the OMQ (g, 7). In particular notice that aux; always provides a
match, hence m > 1. It is straightforward to verify that m + k is a certain answer
for g over K := (T, A) iff (k, X) € NUMONES. Moreover, the input (A, m + k) to
our OMQA problem can be computed from (k, X) by an AC® circuit (recall that
binary integer addition is known to be computable in ACO). O
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5.5 Role cardinality over DL-Litezés
In this section, we consider DL—Lite?;f)S TBoxes. We show that coNP-hard OMQs
exist and prove a complexity trichotomy which precisely delineates the tractabil-

ity boundary. We begin by recalling the coNP-complete! situation exhibited in
Theorem 50.

Example 29. Answering the role cardinality query qs over the DL—Lz'teros TBox
given by T = {B C 3R4,Ry C S,IR; C IRy, Ry C S} is coNP-complete. We
consider the NP-complete SET COVER problem: given a set U, set of subsets
S C 2Y whose union is U, and number k, decide whether there exists a k-cover,
i.e. a subset C of S with |C| < k whose union is U. We prove that there exists a
k-cover iff [Yses|s| + k + 1, +00] is not a certain answer on the following ABox:
{B(u) |[lueU} U {S(u,s) |u € s,s € S}.

The following definition abstracts the preceding example.

Definition 67. A TBox T admits a propagation of role W by a concept B € sig(T)z
and roles Ry, Ro if T entails {B C 3R;,R; C W, 3R C 3Ry, Ry T W}.

A propagation of S (or S7) is not sufficient to ensure coNP-hardness: the
reduction sketched in Example 29 will fail in the presence of ‘interferences’, which
can be of three types.

Definition 68. A role U interferes with the propagation of W by B, R;, Ry if it
satisfies one of the following conditions:

I TE{BC3IU,UCW,UC W};
2. TEA{IW- C3U,UC W} and either TEULC W™ or T ERy, C W,

3. ifB=3T and TC W, then T = {3T~ C 3U, U C W} and either T = U C W~
or T b’é Ry, C W™
Remarkably, the existence of a propagation without any interfering role (which
we call a non-trivial propagation) ensures coNP-hardness of answering the corre-
sponding role cardinality query, while its absence ensure P-membership. We further
distinguish two tractable cases, depending on the existence of a non-trivial pairing.

Definition 69. A TBox T admits a non-trivial pairing of S if there exist B €
sig(T)E and R € sig(T)g such that

TEBC3IR TERLCS TERLCS TRESCS
and if B = 3T, then either T ETCS or T ETCS™.

LA P upper bound for atomic counting queries in DL—LiteZ,'és erroneously appears in Table 1 of

Calvanese et al. [2020a], but was corrected in a later arXiv version [Calvanese et al., 2020b].
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pos

To formulate our trichotomy result, we recall that a matching in a graph (V, £) is
a set of edges that are pairwise vertex-disjoint. The PERFECT MATCHING problem
asks whether there exists a matching such that every vertex is incident to one of its
edges. Despite being the focus of intensive research, its exact complexity remains
open: in P [Edmonds, 1965] and NL-hard [Chandra et al., 1984].

Theorem 54. Let T be a DL-Léte?fos TBox. Answering the role cardinality query
gs = 321 329 S(21, 22) over T is coNP-complete if T admits a non-trivial propaga-
tion of either S or S, is L-equivalent to the complement of PERFECT MATCHING
iof it does not admit such a non-trivial propagation but admits a non-trivial pairing
of S, and is in TC® otherwise.

The rest of this section is devoted to the proof of the latter theorem. In
Section 5.5.1, we generalize the reduction sketched in Example 29 to obtain coNP-
hardness. If there is a non-trivial pairing (but no non-trivial propagation), we show
in Section 5.5.2 that, up to trivial cases solvable in TC?, the existence of a model
with few matches is equivalent to the existence of a large matching between critical
individuals. This yields L-equivalence with the MAXIMUM MATCHING decision
problem, which is L-equivalent to the better-known PERFECT MATCHING problem
[Rabin and Vazirani, 1989]. In Section 5.5.3 we conclude the proof with TC°
membership, obtained by case analysis, where we exhibit for each case a model
with an optimal (and easily computable) number of matches.

5.5.1 coNP-hardness in presence of propagation

We begin by proving coNP-hardness of answering the role cardinality gs over a
DL—Lite;’)Lés TBox 7 that admits a non-trivial propagation of either S or S™. Recall
that coNP membership is an immediate consequence of existing results on counting
queries [Kostylev and Reutter, 2015].

Let us thus assume that 7 has a non-trivial propagation B, Ry, Ry of S (the case
of a non-trivial propagation of S~ being symmetrical). We proceed by reduction
from the SET COVER problem, and distinguish two cases based on the nature of
the concept B.

Consider an instance (U, S, k) of SET COVER: each element u € U occurs
in at least one subset of S, we denote s, by such a subset. We introduce an
individual name u for each u € U, and an individual name s for each s € §. The
individual introduced for the subset s, is denoted s,. We further introduce auxiliary
individuals a and b.

We now provide the reductions for the two cases.

Case 1: B € Nc or B =3dT with 7 £ T C S. We first describe the ABox.
Elements from U are represented by facts {B(u) | v € U} if B € N¢, otherwise
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by facts {T(u,a) | w € U} if B = 3T. Subsets from S are represented by facts
{S(u,s) | u € s,s € S}. All the roles issuing from B and which are not subroles of
S are also introduced as follows, pointing to auxiliary a:

{U(u,a)‘UeNfRE, ueld, TEBCIU, THEULCS}
We proceed as well with the roles issuing from 35S~ pointing either to b or to a.
{U(s,b)[UENE, s€S, TE3S CIU, TEULCS}

and:
{U(s,a)[UENR, s€S, TEISTCIU, TEULCS}

To complete our description of the ABox, we saturate a and b with facts:
{U(a,a) | U €sig(T)r} U {U(b,b) | U € sig(T)r}

Let A be the union of all preceding facts, and consider the KB K := (T,.A). Notice
that due to the many role assertions included in the ABox, all of the anonymous
elements in Cx are of the form uUw with u € U, w some word, and T = U C S
but 7 £ U~ C S (because we are considering a non-trivial propagation, the role
U cannot satisfy Condition 1 of Definition 68). Notice also that (the negation of)
Condition 2 from the same definition further ensures that there is no ABox match
(b,s), with s € S.

Let us denote by m_4 be the number of matches for ¢g present in the ABox A.
In particular, ma > > s |s| + 1, due to the representation of the subsets and the
saturation of a. We prove the following claim:

[m4+k+1,+00] is a certain answer for ¢s w.r.t. K < (U, S, k) ¢ SET COVER.

(=). Assume (U,S,k) € SET COVER. Take some k-cover FF C S of U. For
each u € s with s € F' and each positive role U such that 7 = B C JU and
T | U C S, enrich the ABox A with the assertion U(u,s). Saturate now the used
subsets, that is, for each s € F', add the assertions U(s,s) for all U € sig(7T )g.

Up to introducing the entailed concepts, the resulting interpretation Zp (based
upon the described enriched ABox) is a model, as we introduced the missing roles
for the elements, the used subsets are now saturated, and the non-used subsets
were already given their needed roles.

In addition to the m_4 ABox matches, each used subset provides one additional
match since the assertion S(s,s) has been added. Recall Condition 1 from Defini-
tion 68 which ensures no match with shape S(s,u) is introduced, hence the roles
added between the elements and subset individuals only reuse pre-existing matches.
We thus obtain a model with exactly m4 + k matches, and thus a countermodel
for [m4 + k + 1, +00] being a certain answer.
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(«<). Assume (U,S,k) ¢ SET COVER. Consider a model Z of K and a
homomorphism f : Cx — Z. For each u € U, we associate a subset p(u) := s if
f(uRy) =s and u € s € S, otherwise set p(u) := s,. The image p(U) is a covering
of U, hence |p(U)| > k + 1. By definition, for each s € p(U) there exists u € U
such that: either f(uR;) =swithu € s € S, or f(uRy) #5 forallu e s’ € S.

In the first case, since 7 | {Ry C S,3R; C 3Ry, Ry C S} (due to the
assumed non-trivial propagation), we focus on the pair (f(uRy), f(uR1Ry)). If
(f(uRy), f(uR1R2)) is not already an ABox match, then we have found an ad-
ditional match. Otherwise (f(uR;), f(uR1R2)) is an ABox match (ie. K |
S(f(uRy), f(uR1Ry2)). By construction of A, this must be due to S propagating a
subrole U of S (see ‘Introduction of subroles of S for subsets’ in the definition of
the ABox), which means we have f(uR;Ry) = b. Condition 2 from Definition 68
applied with U provides 7 = R; C S, hence (f(uR;Rz), f(uR;)) is a new match
(recall that (b,s) is not an ABox match!). In the second case, (f(u), f(uR;)) is a
new match (in the case where B = 3T, simply recall that 7 & T C S). Therefore
we can conclude that there are at least m4 + k£ + 1 matches in Z.

Case 2: B=3T with 7 =T C S. We first describe the ABox. Elements from U/
and the subsets in which they occur are represented by facts {T(u,s) | u € s € S}.
All the roles issuing from 3T and which are not subroles of S are introduced as
follows, pointing to auxiliary a:

{U(u,a)[UENg, weld, TEITCIU, TEULS}

We proceed as well with the roles issuing from either 3T~ or IS, pointing either
to b or to a:

{U(s,b)|[UENE, s€S, TEIS CIUVT EIT CIUT EULS]
and
{U(s,a)[UENR, s€S, TEISTCIU, TEULCS}

To complete our description of the ABox, we saturate a and b with facts:
{U(a,a) | U €sig(T)r} U {U(b,b) | U € sig(T)r}

We again let A be the union of all the preceding facts and set K := (7,.4) and
observe that the anonymous elements in Cx are all of the form uUw with u € U,
T = ULCS, and w a word. Notice again that no pair (b,s), with s € S, is an
ABox match, which is due here to both Conditions 2 and 3 from Definition 68.

As before, we denote by m 4 the number of matches for gs in the ABox A. In
particular m4 > > < [s| 4+ 1, due to the representation of the problem instance
and the saturation of a. We establish the following claim:

[ma+k+1,400] is a certain answer for ¢gs w.r.t. K < (U,S,k) ¢ SET COVER.
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(=). The proof is essentially the same as for Case 1.

(«<). Assume (U,S,k) ¢ SET COVER. Consider a model Z of K and a
homomorphism f : Cx — Z. For each u € U, we associate a subset p(u) := s if
f(uRy) =sand u € s € S, otherwise set p(u) := s,. The image p(U) is a covering
of U, hence |p(U)| > k + 1. By definition, for each s € p(U), there exists u € U
such that: either f(uR;) =swithu € s € S, or f(uR;) #¢ forallu e s €S.

In the first case, since T = {R; C S,3R; T dJRy, Ry C S} (due to the
assumed non-trivial propagation), we focus on the pair (f(uRq), f(uUR1R2)). If
(f(uRy), f(uR1Ry)) is not already an ABox match, then we are done. Otherwise
(f(uR1), f(uR1R3)) is an ABox match, then by construction of A, it must be due
to either S or T propagating a subrole U of S, in particular, we get f(uR;Ry) = b.
Condition 2 (resp. Condition 3) from Definition 68 applied with U provides T =
R, C S, hence (f(uRiRz), f(uR;)) is a new match (recall (b,s) is not an ABox
match!). In the second case, (f(u), f(uR;)) is a new match. Therefore there are at
least m 4 + k + 1 matches in Z.

5.5.2 Equivalence with Perfect Matching

We now turn to the second part of Theorem 54, which characterizes the complexity
of answering gs over 7 in the case in which the DL—Lite?fos TBox 7 admits a non-
trivial pairing of S but does not have any non-trivial propagation of S or S™. We start
by proving a logspace reduction from the complement of MAXIMUM MATCHING
to our problem. The problem MAXIMUM MATCHING asks whether, given a non-
oriented graph G and an integer k, there exists a matching of G with size at
least k. As explained before, the latter problem is known to be equivalent, up to
logspace reductions, to the better known PERFECT MATCHING problem [Rabin
and Vazirani, 1989]. Thus, the reduction we give also proves a reduction from

PERFECT MATCHING to our problem.

Proof of the reduction from MAXIMUM MATCHING. Consider a DL—LiteZ;f)S TBox
T that admits a non-trivial pairing of S and does not admit any non-trivial

propagation of S or S™. Let B and R verify the pairing conditions, that is,
TEBCIR TERLCS TERLCS TRESCS
and if B = 3T, then either T £ TCSor 7 £ TC S™.

Consider an instance of MAXIMUM MATCHING given by the undirected graph
G := (V,€) and integer k. Let <y, be any total order on the vertices of G. We
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encode G using the following ABox Ag:

{B(u) |ueV} if BeNc

Ag = {T(u,a) | €V} else, with B = 3T (Representing vertices)
U {S(u,v) | {u,v} € E,u <y v} (Representing edges)
U {U(a,a) | U € sig(T)r} (Saturating a)

Let Kg be the KB (7, Ag). Let my4 be the number of matches in the ABox.
Notice each edge {u, v} gives one match in the ABox, through the added assertion
S(u,v) with u <y v, and ezactly one as T =S~ T S. We claim that [m4 + V| —
k+1,400] is a certain answer for ¢s w.r.t. Kg iff (G, k) ¢ MAXIMUM MATCHING.
Notice that both Ag and the integer m4 + |V| — k + 1 are easily computable in
logarithmic space from any reasonable representation of the instance (G, k), so we
will get the desired within logspace reduction.

(«<). Assume (G, k) ¢ MAXIMUM MATCHING. Consider a model Z of K and a
homomorphism f : Cx — Z. Consider the following matching:

Mz = {{u,v} € £| f(uR) = v, f(VR) = u}

As f is a function, it is clear that each vertex is incident to at most one of the edges
from M7z, ensuring M7 is a matching. In particular, it yields |Mz| < k. Each edge
from M7z provides exactly one additional match, since there was already exactly
one match per edge, and the role R is a subrole of both S and S™. Each vertex that
is not incident to any edge in M7 provides at least one additional match: recall
that since T = T C Sor T £ T~ C S, either (f(u), f(uR)) or (f(uR), f(u)) is a
new match.Therefore there are at least m4 + |Mz| + |V| — 2|Mz| > ma4+ |V| — k
matches in 7.

(=). Assume (G, k) € MAXIMUM MATCHING. Consider a matching M C &£ with
|M| > k. Consider the enriched ABox A, such that for each {u,v} € M and each
positive role U € Ni;, we have U(u,v) € Ay;. This yields exactly one additional
match per edge in M, again because exactly one match per edge was already
present. For each u € V such that u is not incident to any edge in M, also add
all the assertions U(u,u) € Ay,. This yields exactly one new match per vertex not
incident to any edge in M. Up to adding the entailed concepts wherever needed,
this provides a model with at most: m4 + |E]| + |V| — 2|€| < m4 + |V| — k matches
of gs, being a counter model for [m4 + |V| — k + 1, +00]. O

We complete the proof of the second part of Theorem 2 by showing how
answering gs over 7 can be reduced, via logspace reductions, to the complement
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of MAXIMUM MATCHING in the case in which 7 is a DL-Lite’, TBox without
non-trivial propagation. Again, this yields a logspace reduction to the complement
of PERFECT MATCHING due to the previously cited logspace-equivalence between
these two matching problems. We let g5 be our role cardinality and T a DL—Lite?;és
TBox T without non-trivial propagation and start with some general remarks.

Compared with the tractable settings of Section 5.4.1, with DL—Litel'f)s we no
longer need to take care of negative concept inclusions, but we will now need to take
into account role inclusions when handling role cardinality queries. In particular,
role inclusions allow for a class By of what we call bipotent roles, i.e., subroles of
both S and S~ (formally: positive roles U such that T FUC Sand 7 = U LC S7).
On the other hand, the class N7 of positive roles not being a subrole of S nor a
subrole of S~ are called nilpotent (formally: positive roles U such that 7 £ U LC S
and T UL S7).

Recall that our previous notion of type aimed to characterize individuals based
on their ability to receive some roles (is there a negative concept preventing my
anonymous element to merge with this individual?) and to provide ABox matches
on which to fold (is there an ABox match on which to fold matches propagated
by a given anonymous element?). This typing notion needs to be modified for the
setting we consider here. On the one hand, negative inclusions being disallowed, all
individuals are able to receive all roles. On the other hand, we must now distinguish
ABox matches on which we can fold bipotent roles from those on which we can
only fold non-bipotent roles. We also extend our typing notion to nilpotent roles:
their type being a characterization of the subroles they propagate.

Definition 70. Let A be an ABox and K := (T, A). The type 0x(d) of an element
d € Ind(A) over K is the set:

o Ne{{S,S HiSH{5}}
breld) = {% ‘ Je € A% VR € R, Cc = R(d,¢) }

The type O (R) of a nilpotent role R € N7 over K is the set:

e {{S,57}{ShH{S }}
Oc(R) = {” ‘ JVeNEVUEN, TEIR-CIV A TEVEU }

The set ©1 of possible types is hence:

{{5,; 571 {SH ST} {SH {571 {{S7 1} {11, 03

Following the line of the TC® membership proofs for role cardinality queries,
we are still interested in demanding elements. In particular, bipotent roles might
create a new kind of such elements: bidemanding elements, which are defined as
follows.
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Definition 71. Let A be an ABox and K := (T, A). We consider bidemanding
individuals D,% and bidemanding roles D as follows:

a € lInd(A)
D% = a {S,Si} S Q;C(a)
Vb € Ind(A), (K}~ S(a,b)) V(K £ S (a,b))
£ R € gen
Pt = {0 e ) |

Notice here the assumptions that bidemanding roles should be nilpotent and
not only “non-bipotent”.We now redefine for our setting the notions of positive /
negative demanding individuals.

Definition 72. Let A be an ABoz and K := (T, A). Define positive demanding
individuals Dy, resp. negative demanding individuals Dy as:

a € Ind(A)\ DE
D = <a | {S}€bk(a)
Vb € Ind(A), K |~ S(a,b)

a € Ind(A) \ DE
Dy = <qa | {S7}€bk(a)
Vb € Ind(A), K £~ S (a,b)

Strategies are no longer needed in our setting, as negative inclusions have been
removed. Due to the adaptation of our notions of types, a choice of well-typed
elements is redefined to now apply to types (of roles) instead of applying to the
positive roles themselves. This is simply because the absence of negative concept
inclusions allows us to apply the same choice to all nilpotent roles having the same

type.
Definition 73. Let A be an ABox and K = (T,A). A choice of well-typed
elements for IC is a function chy i : ©7 — Ind(A) such that for each type t € O,

if there exists a nilpotent generated role R € gene N N7 such that O (R) = t, then
we have t C O (chy k().

We now state our fundamental theorem, which proves that, if a choice of well-
typed elements is available and in the absence of demanding individuals, then the
canonical model can fully fold on the individuals without creating any additional
match. This central property crucially relies on the absence of a non-trivial
propagation schema.

Theorem 55. Let A be an ABox and K := (T, A). If there is a choice ch,/x of
well-typed elements over Ind(A) and if IC admits no bidemanding individuals, then
there exists a mapping x : A® — Ind(A) s.t. the matches in the resulting model
X(Cx) are exactly the ABox matches.
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Proof sketch. The proof proceeds by induction on Cx, exploiting the choice of
well-typed elements to build an image for each of its elements. As it requires some
additional technical definitions, the full proof is deferred to the appendix. O

With this key result in hand, we can now observe that, in the absence of
bidemanding individuals, our problem is easy to decide: within TC’. Indeed,
without bidemanding individuals, the best way to combine positive and negative
demanding individuals is still to pair them 1-to-1. Therefore, the optimal number
of matches can easily be decided by counting such elements.

Lemma 39. Let A be an ABoz and K := (T, A). If K admits no bidemanding
individuals, then the minimal number of matches can be decided within TCC.

Proof. Assume K does not admit any bidemanding individuals. Set a classic pairing
pairy, o = (pair:rham, pair;wm) for positive and negative demanding individuals.
We distinguish several cases, but the proof idea is always the same: in each case
we exhibit the optimal number of matches that can be easily computed from the
types of individuals. We then prove it is minimal and exhibit a model with this
precise number of matches using Theorem 55 on ABox A* and some chi« that will

be specified in each case:

A = A U {S(x,y) | pairl  (z) =y}

ch(_,i_/;c
x € D;C
U {S(va) T ¢ dOm(pair;U/)@) }

U {S(x,x)

x € D }

T ¢ dom(pairc_ham)

The recurrent arguments to prove minimality are the following mappings, always
defined and injective, Z being a model of K:

pt D — AT x AT p~ Dy — AT x AT
r — (z,succt(x)) x — (succt_(x),x)
Dic)).

1. If there exists an individual a such that {S,S™} € fc(a). Optimum is M
reached with A*. A* does not admit demanding elements, and we choose, for
all t € O, and chi«(t) := a.

We denote M :=m4 + max(| Dy

)

2. Else if |D,Jg| > |D,E|. Optimum is M reached with A* not admitting demand-
ing elements and setting Vt € O, chi«(t) € D\ dom(pair}, ).

Cho/lC

3. Else if |[Df| < |Di|. Optimum is M reached with A* not admitting demand-
ing elements and setting Vt € O7, chi- (t) € Dy \ dom(pair;wlc).

Counting Queries in Ontology-Based Data Access 207



5.5. Role cardinality over DL-Lite’t

pos

4. Else if there exists an individual a € D N Dy.. Optimum is M reached with

10.

A* not admitting demanding elements, assuming w.l.o.g pair:rham(a) = a, and
setting Vt € O, chi«(t) := a.

. Else if there exists (a,b) € Dt x Dy such that K |= S(b,a). Optimum is

M reached with A* not admitting demanding elements, assuming w.l.o.g
pair, (a) = b, and setting Vt € O, ch«(t) := a.

Cho'/IC

. Else if there exists a role R € NrNgeny such that {S,S™} € O (R). Let V be a

bipotent role generated by R~. Optimum is M +1 reached with A*U{S(L, 1)}
not admitting demanding elements and setting Vt € ©1, chi«(t) := L. To
ensure this number of matches is still a lower bound for the number of
matches in any model Z, we need to specify where the extra match can
be found in any model Z of L. Consider f : Cx — Z a homomorphism.
Because of all the excluded previous cases, it can be verified that either
(f(repre(R)), succh (F(repric(R)))) or (succh(f(repric(R)), f(repric(R))) is an

additional match in Z (in particular, not already counted by one’s favorite
mapping pt or p7).

. Else if there exists an individual a such that {S},{S™} € 6c(a). Optimum

is M reached with A* not admitting demanding elements and setting Vt €
O, chi«(t) := a.

. Else if there exists a role R € NN gen, and {S},{S™} € Oc(R). Optimum

is M + 1 reached with A* U {S(L, L)} not admitting demanding elements
and YVt € O, che(t) := L. Again, we need to specify where the extra
match can be found in any model Z of K. Consider f : Cx — Z a homo-
morphism. It can be verified that either (f(reprc(R)),succt(f(repri(R)))) or
(succt_(f(repri(R))), f(repri(R))) is an additional match in Z (in particular,
not already counted by one’s favorite mapping p* or p~).

. Else if there exists an individual a such that {S} € 0 (a). Optimum is M

reached with .A* not admitting demanding elements and ch, /({S}) := a and
chy/k({S7}) := b with b the other endpoint (either certain or from pairing).

Else if there exists a role R € N7 N gene and either {S} € 0(R) or
{S7} € Okx(R). Optimum is m + 1 reached with A* U {S(L, L)} not ad-
mitting demanding elements and setting ¥Vt € Of, chi«(t) := L. Again,
we need to specify where the extra match can be found in any model Z of
IC. Consider f : Cx — Z a homomorphism. It can be verified that either
(F(repryc(R)). succZ(f (repryc(R))) or (succk- (f(reprc(R)), f(repre(R))) is an
additional match in Z (in particular, not already counted by one’s favorite

mapping pt or p7).
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11. Otherwise. Optimum is m4 with A not admitting demanding elements and
setting Vt € O, chi«(t) := L.

To conclude the TC” membership proof, we describe the slight changes required to
adapt the circuits already provided for the role cardinality queries:

- In the block “A closer look at roles and concepts over the input”, one should
extend the inputs to all subroles of R.

- The typing block should be adapted to fit the new typing notion (see Defini-
tion 70).

- All the blocks, each dedicated to a single strategy, can now be united as a
single block computing |Dy| and |Dj|.

- From this previous step, the typing block and the generated roles block,
deciding if Situation 6, 8 or 10 occurs is easy, in which case one should add 1
to the final number of matches. O

We can now prove the desired reduction from our problem to MAXIMUM MATCHING.

Proof of the reduction. Let A be an ABox and K := (T, A).

If I does not admit bidemanding individuals, then Lemma 39 ensures we can
actually compute the answer within TC?, in particular within L, and create a trivial
instance of MAXIMUM MATCHING co-equivalent to it.

Otherwise, there are some bidemanding individuals. Consider then the following
graph Gi:

V = (D x{1}) U (Dg x {-1}) U Di

{(z,1),(y, =D} | (z,y) € D¢ x D}

{{x v }\ ,(S,isef’;f” }

We claim [k, +00] is a certain answer for g5 w.r.t. K iff (G,ma+|V|—k+1) ¢
MAXIMUM MATCHING. Notice the graph G and the integer m4 + |[V| — k + 1 are
easily computable within L.
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(<). Assume (G,my + |V| —k+ 1) ¢ MAXIMUM MATCHING. Consider a
model Z of K and a homomorphism f : Cx — Z. For each demanding individual
x, we denote R, a role causing this element to be demanding (that is, a bipotent
role for bidemanding elements, a subrole of S for positive demanding elements, a
subrole of S~ for negative demanding elements such that xR, € A%). Consider the
following matching, induced by Z:

{(,1),(y, =D} | (z,y) € D x D, f(#Re) =y Aw = f(yRy)}

o {te | FEGT P ser) —yne = o) |
o {te - | 08 O PR e =y e = fm,) |

o {0 P R =y = s b

Being a matching, |Mz| < ma+|V|—k+1. Each edge from M7 provides exactly
one additional match: either through the pairing of a positive with a negative,
or through the pairing of a bidemanding with another demanding given that one
match was already present in between. Each non-covered vertex provides one
additional match, being (z, succk (x)) for positive demanding uncovered elements,
(succk, (y),y) for negative demanding uncovered elements, and at least one of the
latter two shapes for bidemanding elements. In addition with ABox matches, all
these matches are distinct, hence there are at least my + |Mz| + [V| — 2|Mz| =
ma + |V| — Mz > k — 1 matches in Z. That is at least & matches.

(=). Assume (G,m4+ |V| — k+ 1) € MAXIMUM MATCHING. Consider a
matching M C & with |M| > m4+ |V| — k + 1. Consider the enriched ABox Ay;:

Ay = A Shape 1
U {S(x,y) | (z,y) € Dt x Dy, {(x,1),(y,—1)} € M} Shape 2

U {S(x, ) ](g"ﬁ)se(xifjc; “D (g 1)} € M} Shape 3+

+ _
U {S(x, y) I(éjﬁ)se(yi,zg X Dy Az, (y,—1)} € M} Shape 3~

+ -
U {S(x, y) l(gﬁ)se(y% XDy Az, y} € M} Shape 4
U {S(x,x) | z € V, x uncovered by M} Shape 5

Notice Ky := (T, Ap) does not admit any demanding individuals. Since there
exists at least one bidemanding individual a for IC, setting ch,/x(*) := a provides a
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well-typed choice of elements for both C and ICp;. Applying Theorem 55 provides
a model of Ky, hence of K, in which the matches are exactly: m4 ABox matches
(Shape 1), |M| matches from shapes 2, 3%, 37, and 4, and |V| — 2| M| for uncovered
by M elements of V (Shape 5). Hence a total of exactly: m 4 + |V| — | M| matches.
Recall |[M| > m4 + |V| — k + 1, hence that is at most k£ — 1 matches, that is less
than k, hence this model is a countermodel for k. O

5.5.3 TC” membership in the remaining cases

We now prove that if a DL—Literos TBox T does not admit a non-trivial propagation
of S or ST, and does not admit a non-trivial pairing, then answering the role
cardinality gg over 7 is in TC.

Notice that if T satisfies 7 &~ S C S, then for any ABox A, K = (T, .A)
does not admit bidemanding individuals. Indeed, the existence of a bidemanding
individual a implies the existence of B and R such that B(a) € A, T =B C 3R,
TERLCSand T =R LC S™. If B is a concept name, this is non-trivial pairing. If
B = dT, then to prevent a non-trivial pair, 7 =T C S and 7 = T C S™, which
would prevent a from being bidemanding. In that case, Lemma 39 holds and solves
the problem.

Otherwise 7 =S C S, in which case the only possible demanding individuals
are bidemanding individuals (which disallows Shapes 2, 3* and 3~ from the proof
just above) not touching any pre-existing match as 7 = S T S~ (which also
disallows Shape 4). In particular the easiest way to minimize the number of
matches is simply by introducing a self-S-loop on each bidemanding individual,
and the optimal number of matches is therefore m 4 + ‘D,ﬂ in general except if
my = ‘D,%‘ = 0 and there exists a generated bipotent role R, in which case it is
exactly 1. This is easily shown through the following injective mapping, providing
at least |D,jé| non-ABox matches in any model Z:

pt D — AT x AT
r > (z,succk(z))

Furthermore, in the exception stated above the single match is found in any model
T by considering where the representative repr,-(R) = wR € A maps in Z through
a homomorphism f : Cx — Z. It gives a match (f(w), f(wR)), or alternatively
(f(wR), f(w)) as R is bipotent (but if the model Z is optimal enough, these two
are the same match!). Notice that again, with slight adaptations of the circuits,
this is still easily computable within TC?, the threshold gates being here essential
to count the number of bidemanding individuals.
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5.5.4 Towards DL-Lite’

core

We now turn to DL-Lite’ . and exhibit new situations that are not captured by
the preceding complexity classification.

First, we observe that negative concept and role inclusions introduce two new
sources of coNP-hardness.
Theorem 56. Answering the role cardinality query qs over the DL-Litel:
T={BLC3JU, UCS, CC3IV, VLS, JU C -3V~ } is coNP-complete.

TBox

Proof. Consider the ABox:
A={B(u) |uel} U{S(u,s*) |uecseS}U{C(s)|seS} U{S(s,s) | s € S}

and set K = (7,.A). Notice there are |S| 4+ ) _¢|s| ABox matches. We claim
that [|S|+ > .cq|s| + &+ 1,400] is a certain answer of g w.r.t. K iff (U,S,k) ¢
SET COVER.

(=). Assume (U,S, k) € SET COVER. Consider a covering F' C § of U with
|F| < k. Consider the interpretation obtained from K in which we add, for each
u € s € F the fact U(u,s*) and V(s,s), which provide k additional matches from
S(s,s). For the remaining s € S, we can add the fact V(s,s*), which does not
provide an additional match. We obtain a model Zp, with exactly |S|+>_ s [s|+k
matches, being a countermodel.

(«<). Assume (U,S,k) ¢ SET COVER. Consider a model Z of K and a
homomorphism f : Cx — Z. For each u € U, we associate a subset p(u) = s
if f(uU) =s* and u € s € S, otherwise set p(u) = s,, where s, is an arbitrary
set containing u. The image p(U) is a covering of U, hence |p(U)| > k + 1. By
definition, for each s € p(U) there exists u € S such that: either f(uU) = s*, or
f(uU) # §* for all § such that v € § € S. In the first case, (s, f(sV)) must be a
new match as f(sV) cannot be s*. In the second case (u, f(uU)) is a new match.
Therefore there are at least |S| + ) ¢ |s| + & + 1 matches in Z. O

Theorem 57. Answering the role cardinality query qs over the DL-Lz'teZére ontology

T={BC3JU, UCS, JU-C3JV, VLS, VC =W } is coNP-complete.
Proof. Consider the ABox:
A = {B(u)|uelUd} U {S(u,s) |ueseS} U {W(s,u)|ueseS}

and set K = (7,A). Notice there are ) _|s| ABox matches. We claim that
> ses |s|+k41, +00] is a certain answer of gs w.r.t. Kiff (U,S, k) ¢ SET COVER.
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(=). Assume (U,S,k) € SET COVER. Consider a covering FF C S of U
with |F| < k. Consider the interpretation obtained from K in which we add, for
each u € s € F the fact U(u,s) and V(s,s), which provide k£ additional matches
from S(s,s). We obtain a model Zp, with exactly > _¢|s| + k matches, being a
countermodel.

(«<). Assume (U,S,k) ¢ SET COVER. Consider a model Z of K and a
homomorphism f : Cx — Z. For each u € U, we associate a subset p(u) = s
if f(uU) =sand u € s € S, otherwise set p(u) = s,, where s, is an arbitrary
set containing u. The image p(U) is a covering of U, hence [p(U)| > k+ 1. By
definition, for each s € p(U) there exists u € S such that: either f(uU) =s, or
f(uU) # 8 for all § such that u € § € S. In the first case, (f(uUV), f(uU)) must
be a new match as f(uUV) cannot be any v with v € U (roles W prevent it!). In the
second case (u, f(uU)) is a new match. Therefore there are at least ) o [s|+k+1
matches in 7. N

Moreover, we further show that L-complete OMQs exist. The next result
employs a role cardinality query, but a similar result is further obtained using a
concept cardinality query (Theorem 59). For the two L lower bounds, we proceed
by reduction from the UNDIRECTED FOREST ACCESSIBILITY (UFA) problem,
known to be L-complete [Cook and McKenzie, 1987]. The UFA problem is to
decide, given an undirected acyclic graph (V, ) with two components, a source
vertex s € V and a target vertex ¢ € V, whether ¢ is reachable from s.

Theorem 58. Answering the role cardinality query qs over the DL-Lite’, . TBox
T={BLC3R, RCS, RC —R~ } is L-complete.

Proof. We start with L membership. Let us first describe how to compute, given an
ABox A, the minimal number of matches of gs. Intuitively, whenever an outgoing
R(v, V') is required (by the presence of B(v)) but not already provided in the ABox,
one aims at adding R(v, V') in such a way that S(v,V’) is already present in the
ABox. This is always possible, except for two cases: (i) there are no outgoing S
from v, or (i) all the S(v, V') are such that B(v') holds and S(V/,v) holds as well.

In case (i), a new atom of the shape S(v,Vv’) has to be added, creating a new
match. In the second case, since R C =R, one could create an inconsistency if the
choice were to be done in a local fashion. Let us study how to perform optimally
these choices.

We call ezit point an individual v that satisfies one of the three following
conditions:

- B(v) € A;
- V' R(v,V) € A4
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- V' S(v,V) € A and either B(V') € A or K }= S(V,v).

Intuitively, an exit point either already satisfies the concept inclusion B C 3R (the
first two conditions) or can satisfy it in a globally optimal way by adding R(v,V’)
(in the third case, if a model minimizing the number of matches contains R(V/, v)
and S(V/,v), one can get another minimal mode by adding S(v/,v*) and S(V/,v*)),
where v* is a fresh element).

Let us thus consider the tradeoff graph of A having as vertices the individuals
of A and an edge between u and v if it holds that S(u,v),S(v,u), B(u),B(v) € A,
and R(u,v),R(v,u) € A. This graph may contain several connected components,
which can be of several types:

a. the connected component contains a cycle: there exists a consistent way to
add R atoms wherever necessary in such a way that all the new R atoms fold
on S atoms present in A;

b. the connected component contains an exit point: similarly, add R atoms
wherever necessary in such a way that all the new R atoms fold on S atoms
present in A;

c. the connected component is a tree and does not contain an exit point: an
atom R(v, x) for which S(v,z) ¢ A has to be added. v can be chose arbitrarily
among the vertices of the connected component, and x can be chosen to be a
fresh element.

Thus, the minimal number of matches is the number of pairs (v,v’) such that
either R(v, V') or S(v,Vv') holds, plus the number of connected components of type
c. in the previous case distinction. Algorithm 2 computes this minimum number
of matches, and compare it to the number provided in input. Let us notice that
checking for the existence of a cycle in a connected component can be done by
making calls to an oracle for reachability in undirected graphs.

Algorithm 2 runs in logarithmic space, as undirected reachability is decidable
in L, and L is low for itself. This proves membership to L.

For the lower bound, let us reduce UFA to our problem. Let G = (V,€) be
an undirected acyclic graph with two components and let s,¢ € V be two vertices.
Consider the following ABox:

A ={B(u) | u € VIU{S(u,v) | {u,v} € E}U{S(s,v"), S(t,v*) }U{R(s,v*), R(t,v")},

where v* is a fresh individual. Note that we have thus made both s and t exit
points, and they are the only such individuals. Let us notice that A is first-order
definable from G. We thus focus on the following claim:

(V,€),s,t) € UFA & [2|€| + 3, +00] is a certain answer for ¢gs w.r.t. (7,.A)
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Data: An ABox A, an integer n

Result: Yes if and only if [n, 400] is a certain answer for ¢s w.r.t. (7,.4)
m < [{(v,v) | S(v,v') € AV R(v,V) € A}|;

G < tradeoff graph of A

for i < 1 ton do

if no v; with j <t is reachable from v; in G then
if no exit point is reachable from v; in G then
if the connected component of v; in G does not contain a cycle
then
| m<+m+1;
end
end
end
return Yes if n < m, no otherwise
end

Algorithm 2: An algorithm for checking whether [n, +00] is a certain answer

for g5 w.r.t. (T,.A)

Let us first notice that in any model, there are 2|E| 4+ 2 matches of gs, as there are
that many matches from ¢g in A.

Let us consider the case where s is not reachable from t. As G has exactly
two connected components, for any vertex v (distinct from both s and t), there
exists a unique vertex among {s,t} that is reachable from v and a unique S-
edge S(v,f(v)) outgoing from v on the shortest path to s or ¢ (depending on
which connected component v belongs). Let us consider the interpretation Z =
AUA{R(v,f(v))|v e V\ {s,t}}. Zis amodel of T: for any v such that B(v) holds,
there is an atom R(v,Vv’). Moreover, if v is on the shortest path from v’ to s
(resp. to t), then v' cannot be on the shortest path from v to s (resp. to t), hence
RT N (R7)% = 0. Z is thus a model of A and 7 in which there are exactly 2|E| + 2
matches of ¢gs, proving that if ((V,€),s,t) € UFA, then [2|€] + 3, +00] is not a
certain answer of qs w.r.t. (7,.A).

Let us now consider the case where s is reachable from ¢t. We already know
that in any model of A and T, there are 2|€| 4+ 2 matches of gs. We prove there
must be another match of ¢gs. We show that there must be some R(v,V’) in any
model such that S(v,v') & A. Let v be in the connected component that contains
neither s nor t. Let us consider a maximal (possibly infinite) sequence vy, va, ..., v,
with v; = v and such that for any 4, R(v;,v;;1) belongs to Z. As there are no cycle
in G and that R C =R, there exists ¢ such that S(v;,viy1) € A, which provides a
new match for gg, which concludes the proof. O

As previously mentioned, a similar statement is obtained in the case of concept

Counting Queries in Ontology-Based Data Access 215



5.5. Role cardinality over DL-Lite’t

pos

cardinality queries.

Theorem 59. Answering the concept cardinality query qc over the DL-Litel: .

TBox T={BLC3R, IR CC, RC—-R~, RC T } is L-complete.

Proof. We start by proving L membership. Let us first notice that the minimum
number of matches can only be one of the two following values:

-n=|{v|C(v) e AV IV R(V,v) € A}|, which is the number of matches in
the ABox on which concept inclusions have been applied;

- n+ 1, which can be obtained by introducing a fresh element «, and adding
R(v, ) for any v in Ind(A), as well C(a).

Let us consider a model Z having n matches. Let f be a homomorphism from Cy
to Z. Let v € Ind(A) such that vR € A¢. Then:

f(vR) € Ind(A) (otherwise, a new match would be created);

C(f(vR)) € A or there is V' s.t. R(V/,v) € A (otherwise, a new match would
be created);

T(v, f(VR)) € A (otherwise Z would not be a model)
R(f(vR),v) € A (otherwise Z would not be a model)
if f(VR)R € A%, then f(f(VR)R) # v (otherwise Z would not be a model).

All the conditions except the last one can be checked for each individual
separately. We call ezit point an individual v for which either vR & A% or there
exists v/ such that by setting f(vR) = V/, the first four conditions are satisfied, and
the fifth one is satisfied by vacuity, i.e., VR ¢ A%.

Let us define the tradeoff graph G of A having as vertices the individuals of A
and an edge {v,Vv'} if and only if:

{B(v),B(V),C(v),C(V)} € A and {T(v,V'), T(V',v),R(v,V),R(V',v)} N A = 0.

This is called a tradeoff graph because if {v,Vv'} is an edge, then we could either
set f(vR) =V or f(V'R) = v without creating new matches, but not both, as this
would violate the negative role inclusion R € =R ™.

We claim that there exists a model with exactly n matches if and only if in
every connected component of G there is either an exit point or a cycle. Indeed,
notice that if {v,v'} is an edge of the tradeoff graph, then adding an atom R(v,V’)
does not increase the number of matches of g¢. If there is an exit point v* in a
connected component, there is a way to add an atom R(v*,¥) without adding a
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match and with ¥ not being in the same connected component as v* (by definition of
the tradeoff graph). Then, by a breadth first traversal of the connected component,
one can add R atoms as required. Similarly, when there is a cycle, one starts by
such a cycle, and add other atoms in a breadth first fashion.

Conversely, if there exists a model with n matches, then f(vR) € Ind(.A) for any
v such that aR is defined. Let vq,...,v,,... be a sequence such that f(v;R) = vii1
whenever viR € A%, and such that v; is the last element of the sequence otherwise.
If f(viR) is not an exit point, then there is an edge {v;, vi;1} in the tradeoff graph.
If the sequence if finite, then the one before the last is an exit point. Otherwise,
there must be a cycle in the connected component containing v;.

Algorithm 3 checks this condition. As it amounts to several reachability checks
in an undirected graph, this algorithm can be made to run in L.

Data: An ABox A, an integer n

Result: Yes if and only if [n, 400] is a certain answer of qc w.r.t. (7,.A)
m <« |[{(v) | R(vV,v) € AV C(v) € A}|;

r4—m;

G « tradeoff graph of A for i + 1 to n do

if no v; with j <t is reachable from v; in G then
if no exit point is reachable from v; in G then
if the connected component of v; in G does not contain a cycle
then
‘ r<m+1;// r can take only two values
end
end
end
return Yes if n < r, no otherwise
end

Algorithm 3: An algorithm for checking whether [n, +00] is a certain answer

of goc w.r.t (T,.A)

To prove L-hardness, we again proceed by reduction from UFA. Consider the
following ABox:
A = {B(u),C(u) | ueV}
U{T(u,v) | {u,v} &}
U{T(u,v*), |ueV\{st}}
U{R(s,v*), R(t,v")},

There are |V| + 1 matches of gc in .A. We prove that:

((V,€),s,t) € UFA <= [|V| + 2, +0o¢] is a certain answer of gc w.r.t. (7, .A).
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Let us consider the case where s is not reachable from t. As (V, ) has exactly
two connected components, for any vertex v (distinct from both s and t), there
exists a unique vertex among {s, t} that is reachable from v and a unique vertex f(v)
that is on the shortest path from v to s (or ¢). Let us consider the interpretation
Z=AU{R(v,f(v)) |v e V\{s,t}}. Z is a model of T: for any v such that B(v)
holds, there is an atom R(v,Vv’). Moreover, if v is on the shortest path from v’/
to s, then v’ cannot be on the shortest path from v to s, hence RT N (R™)% = 0.
Moreover, {v, f(v)} € &, hence (v, f(v)) € TZ. T is thus a model of A and T in
which there are exactly |V| + 1 matches of q¢, proving that if (V,€),s,t) ¢ UFA,
then [|V] 4 2, +o0] & ¢ .

Let us now consider the case where s is reachable from ¢t. We already know that
in any model of A and T, there are at least |V| + 1 matches of go. As there are no
cycle in the connected component not containing s and ¢, in any model of (A, T)
there must be an individual v having an outgoing edge R(v,Vv') with {v,v'} & .
As T(v,u) holds for any u such that {v,u} ¢ &, as well as for u = v*, v/ provides a
novel match for g, concluding the proof. n

Our results imply that, under standard complexity-theoretic assumptions, at
least four different complexities are possible for cardinality queries coupled with
DL-Lite . ontologies.

core
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Summary of the contributions

We explored the complexity of answering counting conjunctive queries over ALCHL
ontologies, as part of the more general ontology-mediated query answering frame-
work. This problem is structured around three main components: some data
representing ground facts, an ontology representing domain knowledge, and a query,
typically taking the form of an existentially quantified conjunction of atoms. A
knowledge base is the combination of the data and the ontology, and a model of
this combination is a way to extend the data so that the extension satisfies all
the requirements from the ontology. In a given model, we are interested in how
many ways we can satisfy the query, that is the number of so-called (counting)
matches, which provides an answer to our query that might vary from model to
model. The semantics we defined for CCQ answering over KB asks for bounds on
these numbers when considering every possible model of the KB of interest, and
calls such bounds certain answers.

This framework generalizes existing semantics for counting queries in OMQA,
and subsumes the classical problem of conjunctive query answering. On the
description logics side, we investigated ontologies expressed in ALCHZ and in its
sublogics, significantly extending the scope of previous explorations of counting
queries in OMQA that were limited to fragments of the DL-Lite family. For such
ontologies, we have seen that only the lower bound in a certain answer is non-trivial,
and hence focused on deciding whether an input integer m is such that the query is
satisfied at least m times in every model of the KB. We measured the complexity of
this decision problem with respect to the standard combined complexity, considering
everything as part of the input, but also with respect to data complexity for which
the ontology and the CCQ are fixed.

Our main contribution is a complete landscape of the complexity of CCQ
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answering over ALCHZ KBs, notably closing the cases left open in the literature.
For the general case, we proved that the problem is 2EXP-complete for most
sublogics of ALCHZ, but that it drops to coNEXP-complete for DL-Litece. In
term of data complexity, we showed the problem is coNP-complete for all considered
DLs. The developed techniques rely on careful manipulations of models of interest,
that both preserve the number of matches for the CCQ of interest and unfold the
inner regularities of the model. Our constructions proved themselves robust as
they also allowed us to close an open question in the related setting of OMQA with
closed predicates, in which some designated predicates are interpreted under the
closed-world assumption. We exhibited a coNEXP procedure to decide whether a
DL-Litecre KB with closed predicates is satisfiable, matching an existing coNEXP
lower bound.

In an effort to identify subcases with better complexity, we first considered the
impact of restricting to rooted CCQs. Rootedness is indeed a syntactic restriction
that has been shown to lower the complexity of several OMQA settings. It turned
out however that the most straightforward adaptation of this restriction to CCQs
does not lead to better computational properties. This motivated us to focus on
the more restricted, yet still natural, class of exhaustive rooted CCQs. For this
latter class, we used variations of the constructions developed in the general case to
obtain four different improvements depending on the considered DL, ranging from
PP-completeness to coNEXP-completeness. Interestingly, the coNEXP-hardness
result strongly relies on the presence of inverse roles in the ontologies, a feature that
is already known to increase the complexity of answering rooted (plain) conjunctive
queries. In terms of data complexity, we exhibited tractable cases for DL-Litecore
ontologies. This positive result relies upon showing that the canonical model
minimizes the number of matches for any exhaustive rooted CCQ.

We continued our hunt for well-behaved subcases of our problem by considering
another restriction on the query language, unrelated to rootedness, namely, atomic-
ity. The class of CCQs consisting of a single atom, which we termed cardinality
queries, comes in two flavors depending on whether this atom concerns a unary
or a binary predicate. Several connections with the semantics of closed predicates
naturally were exhibited and exploited to determine the combined complexity of
cardinality query answering. We proved that while this problem is coNP-complete
for the considered dialects of the DL-Lite family, it remains EXP-complete for
EL and several of its extensions. When the ontologies are expressive enough to
enforce that all of their models are exponentially large, then the complexity rises
to coNEXP-completeness, which is surprisingly high for what appears to be a
very simple setting. However, the situation is more favorable if we consider data
complexity, as we were able to identify tractable cases for ontologies formulated in
the DL-Lite family. Quite interestingly, these tractability results do not rely on the
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existence of an optimal canonical model, but rather on the existence of a family of
models among which an optimal model can always be found. Finally, we refined our
study of data complexity to the level the ontology-mediated queries. More precisely,
we managed to fully characterize the complexity of answering OMQs consisting
of a cardinality query paired with a DL—Lite?fos ontology, and we provided simple
criteria to distinguish between the three possible complexities.

Perspectives

Going forward, the most natural challenge is to develop practical algorithms for the
tractable cases in data complexity. Rewriting techniques have already been explored
for the case of exhaustive rooted CCQs over DL-Liteye ontologies [Calvanese et al.,
2020a,c|, but not for the well-behaved classes of OMQs based upon cardinality
queries that we identified. For these latter cases, our results give a rather precise
insight into the underlying coNP-complete problem, with respect to combined
complexity, and an implementation relying on SAT solvers to handle this part
seems possible. More generally, despite the variety of coNP-complete situations
we obtained, most of the procedures we describe are not easily reducible to SAT,
and it would be desirable to develop more refined coNP procedures to this end,
notably in the case of £L ontologies, for which no tractable class of CCQs is
known yet. Advances in these direction could lead to efficient counting query
rewriting algorithms, typically rewriting the CCQ of interest to a SQL query, based
on existing ontology reasoners such that Ontop!. Once rewritten, the resulting
query could further be evaluated over usual relational databases and provide more
complete answers by taking the knowledge from the ontology into account.

A more theoretical challenge would be to extend our techniques and results
to more expressive ontologies, and in particular to DLs involving more counting-
oriented features. A first step in this direction would be to consider functionality
axioms, for example, with DL-Liter ontologies, before moving to even more general
forms of cardinality constraints, e.g. ALCQ. We also drew several connections
in this thesis with OMQA with closed predicates, but we haven’t yet considered
the problem of answering CCQs over KBs equipped with such closed predicates,
which are known to already increase the complexity of answering usual conjunctive
queries |[Ngo et al., 2016]. Interestingly, the upper bound in the presented notion of
certain answers is no longer trivial in the presence of the latter settings and hence
becomes a relevant question. We believe that if we want to determine such upper
bounds in the case of cardinality queries, then we may be able to take advantage
of results and techniques from recent work on bounded predicates [Lukumbuzya
and Simkus, 2021].

https://ontop-vkg.org/
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Perspectives

As the techniques we developed to answer CCQs over ALCHZ KBs are inspired
by techniques from the realm of existential rules, it would be relevant to study
to what extent our results can transfer to this setting. Indeed, our semantics of
counting queries allows to take into account anonymous elements induced by the
ontology. Those elements being of particular interest with existential rules, the
semantics of CCQs naturally makes sense in this latter setting and it remains to
understand the complexity of the associated problem. One could for example start
with the linear or frontier-1 fragments of existential rules, to tackle the higher arity
of predicates in controlled cases, before moving to less restricted rules.

More generally, our techniques to obtain models minimizing the number of
matches of a query may appear helpful in other settings in which a minimization is
required. We have already seen that interlacings easily adapt to query answering
over closed predicates, but one could also turn to other forms of reasoning such as
circumscription. Circumscription is a non-monotonic logic framework introduced in
the 80’s, which aims to capture the common sense assumption that things behave
in an expected way unless there are specified reasons to think otherwise [McCarthy,
1980]. It has already been studied as an extension of various description logics
such as ALC, for which circumscription restricts the notion of models to those
minimizing a given set of predicates [Bonatti et al., 2006].

It would also be relevant to explore variations of the considered problems. We
have partially investigated the optimal variant of our decision problem, asking
whether the input integer provides the tightest certain answer, but many questions
remain open. One can also focus on the functional variant of this problem, asking
for this tightest answer (or an approximation of this value) to be given as output.
Indeed, if computing good approximations of this minimum number of matches were
shown to be tractable, it would provide a nice counterpart to the high complexities
obtained within this thesis. Exhibited connections with known hard to approximate
problems tend however in the opposite direction. Regarding variations of the
problem, the question of whether a unary encoding of the input integer lowers the
complexity also remains open for several cases, notably for the combined complexity
of exhaustive rooted CCQ answering in any of the investigated DLs.

Finally, counting queries are a special case of aggregate queries which use
numeric operators (e.g. sum, max, average). Despite being widely used for data
analysis, aggregate queries have been little explored in the OMQA setting. The case
of the counting function is arguably different in nature from the other aggregate
functions, as it is independent from the type of the counted elements. However, we
believe the proposed semantics could serve as a relevant starting point for exploring
other aggregate functions in OMQA, provided that the considered ontologies are
equipped with some datatype features. Identifying ontology languages with such
features is arguably already challenging. Indeed, attempts to equip Datalog, which
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does not involve anonymous elements, with some arithmetic operations on integers,
e.g. with its extension Datalogy, easily lead to undecidability. Similarly, extending
the well-known DL ALC with such features makes basic reasoning tasks such
as satisfiability and subsumption undecidable [Baader and Sattler, 2003|. Some
solutions may be found in recent developments identifying fragments of Datalogy
that regain decidability [Cuenca Grau et al., 2020; Kaminski et al., 2021], or in
attempts to introduce aggregate in Answer Set Programming (ASP) [Faber et al.,
2011; Ferraris, 2011]. The situation also seems more favorable when equipping
lightweight description logics with aggregate features, for example as proposed in
Artale et al. [2012], in Savkovic and Calvanese [2012]| or in Hernich et al. [2017],
which extend DL-Lite in this direction and identify cases in which conjunctive
query answering enjoys tractable data complexity.
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ALCHZ, 10
answer, 23
to a counting query, 32
assumption
closed domain, 13
open domain, 13
standard names, 13
unique names, 13
axiom, 10

bidemanding
individual, 206
role, 206

branch, 130
induced, 132
valid, 132
weighted, 130

certain answer

tightest, 35

to a counting query, 32

to a query, 23
choice

of well-typed element, 180
closed predicates, 18
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concept
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conjunction, 13
disjunction, 13
existential restriction, 13
name, 10
universal restriction, 13
conservative extension, 16
countermodel, 35
counting conjunctive query, 29
critical element, 181, 194

data, see ABox
A*, 46
demanding
individual, 181, 206
role, 181, 194
depth
possible, 128
relative, 70, 129
description logics, 2
DL-Lite, 11



Index

domain
of an interpretation, 13

EL, 11
entailment
of an assertion, 14
of an inclusion, 14
existential extraction, 39

head
applicable, 51
homomorphism
of a query, see match, 31
of interpretations, 18

inclusion

concept, 10

negative, 10

positive, 10

role, 10
individual

name, 10
instance checking, 20
interlacing, 40

Id-, 41

f'-, 40

f*-, 46

fr, 123

fe-, 107
interleaving, 74
interpretation, 13

graph, 13

of a strategy, 181

knowledge base, 10
link, 51

match, 23, 31
counting, 31

model, 14
canonical, 17
counter-, 35

optimal, 35
universal, 17

neighbourhood, 65
core-, 75
normal form, 16

ontology, see TBox

ontology-mediated query answering, 1

origin, 186

pairing, 181
non-trivial, 199
patter
initial, 51
pattern, 51
accepting, 54
rejecting, 53
tree, 56
prediction, 50
promise, 130
propagation, 199
non-trivial, 199
pseudo-injective, 42

query
aggregate, 222
Boolean, 23

cardinality, 159
conjunctive, 22
exhaustive, 97
predicate, 159
rooted, 97
underlying, 30

role
bipotent, 205
generated, 177
inverse, 13
name, 10
nilpotent, 205

satisfiability
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problem, 19
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set semantics, 12
signature, 10
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coherent, 50
induced, 50
restriction of, 50
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extracted, 182
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subsumption, 20

TBox, 10
type, 178

variable
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existential, 22, 29
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Additional proof material

A.1 Proofs for Section 3.3 (Answering CCQs over
ALCHT ontologies)

Lemma 9. For allw-(P,h) € P, d,e € A, and P € Ng: if (Mu.p.n)(d), Muv-(p.y(€)) €
PZ, then 3° remains T -satisfiable if we add (d,e) to P .

Proof. Let wy - (P1,hy) € P and dy,e; € A" two elements. Let P € Nr be a
role name. Assume (Ay,.(2y,01)(d1), APy 1) (€1)) € PL. By definition of P%, there
exist w9 (]P)Q, hg) € P and (dg, 62) S Pjﬂm2 with )\wz.(p27h2)(d2) = /\w1~(P1,h1)(d1) and
Aws-(Pa,ha) (€2) = Awy.(Pyh1)(€1). We further refer to these two equalities as (x4) and
(*¢). We distinguish 5 main cases.

1. (dy € AT or dy € AT) and (e; € AT or ey € AT).
(xq) yields d; = dy and (x.) yields e; = es. Interpretation J¥2 preserves 7%,
hence (da, e5) € PZ". Interpretation 3% preserves Z*, hence (dy,e,) € P7.
It then suffices to recall that J%t is T-satisfiable.

In the remaining cases, we assume that e1,es & AT or dy, dy ¢ AT, which
ensures Py # P* and Py # P*. In particular, f¢*, gen™, t*2 and gen™ are
singletons. Furthermore, the conditions on roles for a non-initial pattern
(Condition, 4) ensures dy # ey (recall we assume (d, e5) € P72),

2. (dy € AT or dy € AT") and (e, ey ¢ AT).
(%q) yields dy = ds, we distinguish 4 remaining subcases.

(a) e; € gen® and e, € gen®™.
We have )\wl.(phhl)(el) = Wy - (]Pl, hl) and )\W2.(1p2,h2)(62) = Wy * (PQ, hg)
Hence (*.) yields in particular P; = P. Recall that gen® is a singleton,
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so e; = ey. Therefore 31 already contains the fact P(dy, e1). Recalling
that J is satisfiable concludes this case.

e1 € ftpl and ey € gen®2.

We have )\wl.(]}»hhl)(el) = w1 and /\w2~(]P’2,h2)(62> = Wy - (PQ,]’LQ). Hence
(%¢) yields wy = wy - (Pg, hy). In particular wsy - (Pg, hy) - (P, hy) € P,
therefore P; = chﬂlf,;e2 and e; = ey. Notice eq, that is also e,, satisfies
the same concepts in J¥* and in J%2 (Lemma 8 applies to e; seen in J!
and e; seen in J%2), and same for d;, that is also dy. Therefore, the
T -satisfiability of 32 ensures that adding fact P(dy, e;) to I%* does not
violate any negative concept inclusion from 7. We make a case analysis

to show the same is true for negative role inclusions:

- First suppose gen™ = {d;}. Since (dy,e;) € P7* and e; € gen®,
then we must have ft™ = {d;} (Condition 4). We can hence apply
Condition 5 from the definition of the link given by P; = ch@ew
ensuring that J%' U J%2, which contains J*' and fact P(dy,e;), is
T -satisfiable.

- If gen®' £ {d,}, then there are no roles between d; and e; in 3%
(Condition 4), hence no negative role inclusion is violated by adding

fact P<d17 61) in j]Pl.

e1 € gen” and e, € f2.

Same arguments as for Case 2.b but with Py = chﬁiel.

er € 1 and e, € frf2.

We have Ay,.(p, ) (€1) = Wy and Ay,.(py,ny)(€2) = wa. Hence (%) yields
the existence of w - (Q, h) such that w; = ws = w - (Q, k). In particular
w - (Q,h) - (P, hy) € P, hence Py = chhl’el. Similarly we obtain Py =
chhfez. As e, e9 ¢ A*, the pattern Q must be different from P*, hence
its generated term is unique, which gives e; = ey. Notice e;, that is
also ey, satisfies the same concepts in 3% and in J%2 (Lemma 8 applies
to e; seen in I and ey seen in ’JPQ), and same for dy, that is also d».
Therefore, the T-satisfiability of 3%2 ensures adding fact P(d;, e;) in J%1
does not violate any negative concept inclusion from 7. It remains to
treat the case of negative role inclusions. Notice that due to Condition
4 of links, and the facts that (da, e5) € P72, ey ¢ AT and dy € AT, we
must have gen™? = {dy} C AZ". Tt follows then from Condition 6 that
nextg (hy) = dy. We consider two cases:

- If gen®™ = {d;}, we obtain similarly nextg(h;) = d;. Denoting
hy := R1.B; and hsy := Rs.Bs, we obtain, by definition of a prediction,
that R; and Ry are non-contradictory. Due to Condition 4 (on the
link between Q and P,), we have 7 |= Ry C P. Therefore P(dy, e;)
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is non-contradictory with Ry (dy,e;) and hence with 3% as all roles
between d; and e; in J* are consequences of Rq(dy, e1) (Condition 4
on the link given by P; = ch&el).

- If gen™ £ {d;}, then there are no roles between d; and e; (Condi-

tion 4), hence no negative role inclusion is violated by adding fact
P(dy,e;) in %1,

3. (di,dy ¢ AT") and (e; € AT or e; € ATY).
This case is symmetric to Case 2.

4. dy,dy,e1,e9 & AT
If (d; € gen™ and dy € gen®?) or (e; € gen®* and ey € gen™), then (x4) (resp
(%¢)) yields P, = Py and we are easily done. Recalling from the note at the
end of Case 1 that we may assume that dy # €5, we are left with 4 subcases,
each immediately leading to a contradiction.

(a) dy € gen™ (thus d; € ft'" and ey € f2) and e; € gen™'. (x,) yields
wy = wy - (Pg, hy) and (%) yields wy = wy - (Pq, hy), contradiction.

(b) dy € gen™ (thus d; € ft'* and ey € ft™) and e; € ft''. (x4) yields
wy = we + (Pg, hy) and (%) yields wy = wy, contradiction.

(c) dy € ft™ (thus ey € gen™, thus e; € f'') and d; € gen™. (x4) yields
wy = wy - (P1, hy) and (%) yields wy; = wy - (Pg, hy), contradiction.

(d) dy € fe' (thus ey € gen™2, thus e, € ft™') and d; € ft''. (x4) yields
wy = wy and (%) yields wy; = wsq - (Py, hs), contradiction. O

Lemma 11. If 7 : r — T is a match of r C q, then for all w - (P, h) € P, we have
(r, ') € MY where 7 := (Ay.p,py) " 0 Ma with A := Wﬁl(/\w.(Rh)(AjP)).

Proof. Considering a breadth-first total order < on P, and given W € P, define
Tw as follows:
IW = U )\’uJ'(]P,h) (jP)
w-(P,h)<W
We prove by induction on W € P that for all r C ¢, all matches 7 : r — Zy and
for all w - (P,h) < W, we have (r,7') € M" where 7' := (A\y.(e,n)) " © Ta with
A = Wﬁl(Aw-(P,h) (Ajﬂ))).

- Assume W = (P*,0), we have Zyy = Z*. Consider r C ¢ and a match
77 — Iyw. The only w < Wis w = W = (P*,0). Recalling Ap-g) = Id,
we have ©' = 7. Therefore (r,7) belongs to the induced specification of Z*.
Since 9" is coherent, it contains in particular (r,7’), which concludes the
base case.
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- Assume W € P with (P*,()) < W and the statement holds for all wy < W
(Induction hypothesis 1). Consider r C ¢ and a match 7 : » — Zy,. Consider
w - (P,h) < W. Denote d the distance from W to w - (P, h) in the tree P,
that is the number of links required to move from W to w - (P, h). We prove
by induction on d that (r,7’) € M where 7' := (Ay.(p ) © Ta and with
A = W_l(/\w.(Rh)(AjP)).

- When d = 0, we have W = w- (P, h). Let W’ the predecessor of W w.r.t.
<. We partition r into r; the atoms « from r such that 7 is a match
for o in /\W(’Jp) and ro the other atoms, which are hence necessarily
mapped by 7 into Zy. We denote by 1 := Tjyar(r,) and T2 := Tvar(r)
the corresponding restrictions of 7.

First note that since 9M" is coherent, it contains the pair (ry, 7]) where
T = Mw@ny) Lo (m1)jar with Al i= (1) " Aoy (A7),

Letting w = w’ - (Q, /'), we next note that applying the Induction
Hypothesis 1 on W’ with w (which is indeed < W’) and 7, and o,
gives us (ry, ) € MY where ) := (Aw.(@n) ' 0 (M2)a2 with A? :=
(m2) ™ @) (A7),

Since w'- (Q, h') - (P, h) € P, we can consider P = ch&67 where e denotes
the frontier of P. Condition 3 in the definition of a link therefore ensures
(r2, (5)| a7 Ugey) € MT. We'd like to form the union of this latter pair
with (ry, 7).

Consider v € var(ry) Nvar(ry). Since r; contains only atoms that are
mapped on Ay (J3%) by 7, the variable v is thus mapped either to an
element of A*, to w or to w - (P, h). The latter is excluded as r5 only
contains atoms that are mapped in Zy» but w - (P, h) ¢ ATw’ since < is
breath-first and W/ < W =w - (P, h). If 7(v) € A*, then it is clear that
m and () a7+ ugey are defined and equal on v. Otherwise 7(v) = w,
which yields that Ay (e) = w and A,(e) = w. The first ensures 7 is
defined on v and equal to w, while the second ensures the same for
(%) az* ey As this holds for each variable in v € var(r;) Nvar(ry), and
that 9" is coherent we have () U7y, 7] U () a7 Ugey) € MY, which is
the desired pair.

- Assume now the property holds for all w at distance d > 0 from W
(Induction Hypothesis 2). Let wy,; < W be exactly at distance d + 1
from W. In particular, notice that wy,; < W. There exists a link
between wy.; and some wy; < W at distance exactly d from W. We
distinguish two cases:

- wgr1 = wg - (P,h). We exhibit another suitable partition of r.
Denote le the elements w’ - (Q, h') € P such that wgyq is a prefix
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of w' - (Q,h') and w' - (Q,h) < W. Define 7441 as the atoms «
from 7 such that 7 is a match for @ in some A, (I%) with
w' - (Q,h) € w}, . Let rq consists of the remaining atoms, which
are hence mapped on elements that cannot admit wy,; as a prefix.
Denote by 74,1 and m; the corresponding restrictions of .

We first note that W ¢ wj, ,, as it would contradict w,y being closer
to W than wgyq1. Therefore 74,1 maps r4.1 in Zy» and we can apply
Induction Hypothesis 1 with wgy1, 74411 and 7441, which provides
(Td+1>7Tfi+1) e MP where 7TZ1+1 = ()\wd-(IP’,h))_l o (7Td+1)md+1 with
A= (1441 g ) (A7),

Letting wq = wq - (Pg, hq), we next note that Induction Hypothesis
2 applied on wy, r4 and 7, provides (rq, 7)) € Py where 7/, =
M- Baha)) 0 (Ta)jae With AT := (72) ™ (Nug-(eann) (AT™)). The
link between w411 and wy then ensures that (rq, (1) az=ugey) € P
where e denotes the frontier term of PP.

Consider v € var(rgy1) Nvar(ry). Since 7441 contains only atoms
that are mapped on Ay (Q) by 7 for some w' - (Q, 1) € wy,,,
the variable v is thus mapped either to an element of A*, to w, or to
elements w'-(Q, k') admitting wy; as a prefix. But since r, contains
only terms that can not map on elements admitting wgy 1 as a prefix,
only A* or wy remain possible. Noticing A, (€) = Ay, () = wq if
ever m(v) = wy allows to conclude as in the Case d = 0.

- wg = Way1 - (Pg, hg). We exhibit another suitable partition of r.
Denote w; the elements w’ - (Q, h') € P such that wy is a prefix of
w'-(Q, 1) and w'-(Q, ') < W. Define r4 as the atoms « from r such
that 7 is a match for o in some Ay ) (J9) with w' - (Q, 1') € wy.
Let r4y1 consists of the remaining atoms, which are hence mapped
on elements that cannot admit w, as a prefix. Denote by 74 and
441 the corresponding restrictions of 7.

We first note that W € w;j, as wy is closer to W than wy, 1. There-
fore w411 maps rq.1 in Zy and we can apply Induction Hypothesis
1 with wg11, 7a41 and mg41, which provides (rg41, 7, ;) € MP where
T‘-Zl—&-l = (/\wd-(IP’,h))_10(7Td+1)|Ad+1 with Ad+1 = (7Td+1)_1()\wd.(Rh)(AJP)).
We next note that Induction Hypothesis 2 applied on wy, 74 and
mq provides (rq, 7)) € Pq where ) := (A (pyng)) " © (7a)|ae With
A% = (1) " g ahg) (A7)). The link between wgy; and wy then
ensures that (rq, (7)) az=u(ey) € P where e denotes the frontier term
of Pd.

Consider v € var(rg11) Nvar(rg). Since r4 contains only atoms that
are mapped on Ay (gn)(Q) by 7 for some w' - (Q,1') € wy, the
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variable v is thus mapped either to an element of A* to wy,q or to
elements w’ - (Q, h') admitting w, as a prefix. But since r4 contains
only terms that can not map on elements admitting w, as a prefix,
only A* or w44 remain possible. Noticing Ay, ,(€) = Aw,(€) = Wat1
if ever m(v) = wga41 allows to conclude as in the previous cases. [

A.2 Proofs for Section 3.4 (Countermodels with
bounded size)

Theorem 9. For all ¢ € AT and alln < lq|, the following mapping:

- b pr16(7) ife e N/ (2)
Pnc(@)  NTA @) - NEA(¢) e e ife € A

n
. .
rnﬂs;(g) o wnM;(E)ﬁ otherwise

is a homomorphism satisfying pn.c(€) ~|gl+1-n € and p;ylc(E) C A,

Proof. Let ¢ € AT, We proceed by induction on n < |¢| and prove along a
Pn,C(E)

technical statement. Property pp, c(€) ~|q+1-n € Will already ensure W)= o(e) =

W, 11 We reinforce this latter fact as follows. If e € N}/ A% (@) \ NI 2 (@), then:
Pn.c(é) e
w ’ —(€e = w n—ox=(e *
gl +1- 2 @) lal+1- "D e ()

It is indeed a stronger statement since —n < §z(€) < n leads to 0 < %E(E) < n,

hence |[¢g|+1—n<|q|+1— %E(E). Property * therefore provides a more precise
information about the suffix of p, .e.

Base case: n=0. Letec ./\/0‘7’A* (¢), hence € =¢. If ¢ € A*, then py.e = e = c.
Otherwise we have dz(€) = 0, hence py.e =19, - wg. = ¢. In both cases pg .6 = c,
and it is straightforward that all the desired properties hold. In particular, agreeing
that ./\/,jl’A* (¢) can reasonably be set to (J, our technical statement holds.

Induction case. Assume the statement holds for 0 < n —1 < |¢|. Let € €
NI AT@). Ife e N,;Z’?(E), then the induction hypothesis applies directly on e
and provides (stronger versions of) the desired properties. Otherwise, we have by
definition of neighbourhoods an element d € Ni’?(é)? not belonging to A* nor

to J\/;f_’zr*(é), and a role P € NI such that (d,€) € P7. We apply the induction
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since d ¢ A*. We
further distinguish between € € A* and e ¢ A*, the lattér subcase yielding two
subcases by applying Lemma 14 and distinguishing between Cases edge™and edge™.
We have therefore three cases to treat.

e € A*. We have pn.c(€) = e and the only non-trivial property to prove is that
e € NZ2(¢). Recall the induction hypothesis ensures in particular p,_; o(d) ~1 d.
Lemma 15 applies and ensures (p,_.(d),e) € PZ" | which provides the desired
property.

edge™. Case edgetensures |e| = |d| +1 mod 2|g| + 3, hence 6:(€) = 6z(d) + 1,
and wi, ,, = w‘dql +1-14 - R-B. Therefore, our element p, .(€) of interest simplifies
as:

n—1+05(d)

hypothesis on d, which gives pn_Lc(a) =Toios@ w?
nol-5@

AN e
,On,c(e) - r”*iz(g) c : wn+5E(E)
2

,€e

_ L€
rn—(éz(d)ﬂ) ¢ wn+(66(3)+1)
2 ’ - 2 ¢

T ne)—s(@ - WS -
(n 1>2 dz(d) c (n—1);55(d)+1’e

—. . d .
= Teo-6@ Weontse@ R.B
2 ’ f?

= pn—l,a(d) : RB,

which is well-defined and satisfies py, c(€) ~g+1-n € from Lemma 14. Recalling
that the induction hypothesis gives p,_1.(d) € ./\/,filA “(¢), it follows that p,.(¢) €
NZA%(¢). Furthermore, notice that € and d satisfy all conditions of our additional

statement. Since in Case edge*we have T |= R C P, reusing p,, .(€) = pp_1.(d)-R.B
immediately yields (pp_1.(d), pnc(€)) € PT.

Checking that Property * holds is now a technicality, and recall that since
d e N727 (@) \ NT-5"(€), we can apply it to d by induction hypothesis. We hence
have:

n,c(€ n—1,c a
wP e )n_&(a - — wP 1 (n)_57(g) _.R.B
lg|+1— "2 pn,c (@) lgl+1-—"=—1,pn-1,c(d)
Pn—1 C(d)
= w " . _-R.B
g1 DR CeDED (@)
_ Pn—l,C(d)
= W' e e@_, . R.B
L?H' D) 7Pn71,c( )

- -R.B
|q|+1_(n71)2765(d)_17d
— e
g2
edge™. Case edge ensures |e| = |d| — 1 mod 2|q| + 3, hence 6:(€) = d(d) — 1,
and wlfleﬂd = w,;1-1, - R.B. By induction hypothesis, element Pr-1c(d) =
T n=1)-be@ w”(lnfl) ey is well-defined. Notice Property * on d (which, again
f’ 2 = K

can be applied as d € /\/',;7_1?(5) \J\/’;Z_ZT(E)) gives more precise information on the
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suffix of p,_1.(d) than the definition of p,_;.(d), because n < |q| + 1 leads to

w +1<gl+1- w. Therefore, w is itself a suffix of

)

d —
(=14 |y g

. 1. .
w? (n_1)—s.@ ,» Which equals w™ I’C((,B_l)_ 5o@) _ . Hence we obtain:
lgl+1-"—5"<=.d lgl4+1— 5" pn—1,c(d)
_ E = T (T . wd _
pn 1,6( ) (n—1)2—§c(d) +17d (n—l);'56(d) Jrl,d

d
= Tn-éz , W15
—g 7”;()4-170{

R.B

,€

€
= T n—0z(€) d s w n+6(2)
2 ’ 2

= pnc(€)-R.B

Lemma 14 now ensures pp (€) ~|q+1-n € (and could already ensure we can find

this suffix of p,, .(d)! However, we had to check that the formula still works here,

in particular that the suffix of p,,_1 .(d) matches long enough the suffix of d) .
Recalling that the induction hypothesis gives p,_1..(d) € Nfif “(¢), it follows
that p,.(€) € NZA%(¢). Furthermore, notice that € and d satisfy all conditions
of our additional statement. Since in Case edge”we have T = R~ C P, reusing
Pn-1.(d) = ppc(e) - R.B immediately yields (p,_1.(d), pnc(€)) € PZ.
Again, we check Property * holds:

wre® ‘RB = w9, _
n—oé5(€) . n—o6x(€)
a1 "% . (@) a1 2252 41 1@
— pnfl,c(d) B
R B ()
— wpnfl,c(d)

n—1)—8=(d —
\dquw,pn_l,c(d)
gl +1- =020 g
e

= w s ‘R.B
‘q""_l_%d)ve

We now verity that p,, . is a homomorphism.

- Let w € A7 N NJA7(€). By definition of A7, we have e € AT . Since n < |q|
we have ppo(@) ~1 e, hence applying Remark 13 we obtain p,.(u) € AT .

- Let (w,v) € RIN(NA" () x N2 (2)). Ifu € A* or v € A*, then Lemma 15
applies on p, () or on p,(v) (recall p, (@) ~1 w and p, (V) ~1 v) and
gives (pn.c(@), pne(®)) € RY. Otherwise u ¢ A* and v ¢ A*. Let ny,ny be
the minimum integers such that @ € N;J2"(¢) and v € N;J2"(c). Since
(w,v) € RY, we have n; —ny € {—1,0,1}. Definitions of §z(u) and &z(7)
lead to |u| — |v| = 0z(u) — 6=(¥) mod 2|g| + 3. Lemma 14 gives |u| = |v| £ 1
mod 2|q|+3. Recall 0:(7), 55(0) € [—|ql, |¢|], hence —2|q| —1 < 6(u) —dz(w) F
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1 < 2|g|+ 1. Since dz(u) — 63(v) F1 =0 mod 2|q| + 3 and 2|¢| +1 < 2|q| + 3,
we must have dz(7) — dz(v) = £1. Joint to Remark 15, it excludes the case
ny —ng = 0. We are hence left with n; = ny + 1. Applying our additional
property with k := max(ny, ns) gives (pn.o(@), pnc(v)) € RE .

Finally, p,1(A*) C A* is a straightforward consequence of py, () ~1 u (and again,
recall elements from A* are alone in their equivalent class!). O

A.3 Proofs for Section 5.4 (Tractable cases in data
complexity)
Lemma 31. Let A be an ABox and K := (T, A). Let (succk)r be a certain

successor preference. Let o be a legal strategy for K. Let chy/x be a choice of
well-typed elements for o over IC. Let pairchg/,C = (pairjhgm, pairc_hd/)c) be a pairing

for chg . Denote by J the interpretation of o (according to ch, i, pairchg/lc, and
(succk)r). We have:
S7 = {(a,b) | K = S(a,b)} Shape 1
€ t+ X crit
U (x y critd, Critg, Shape 2
pairty (x) =y
U { (z,chy/xc(S ‘ T € crit:rh \ dom(pair(, K)} Shape 3*
U { chg k(S ‘ y € critg, \dom(palrch o, )} Shape 3~
crit:“ha/lc) > Crit;w;c‘ )
U { (chyxc(S), choyc(8)) | THE3STESS Shape 4*
HS ¢ QIC(ChU/;C<S))
( chyc(S) & chy (D7) )
( L n
cntchg/ ) ‘crltCh e
U $ (chy/c(S7),chyyc(S7)) | T EISES Shape 4~
9S- ¢ QK(ChU/]C( ))
L Chg/]g(sf) ¢ Cha/lc('D )

Proof. The first inclusion (C) is straightforward.

(2) We consider each of the shapes in turn.
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1. Let (a,b) such that K = S(a,b).
Therefore (a,b) € Cxc. By definition: x(a) = a and x(b) = b, hence (a,b) €
S7.

2. Let (x,y) such that (z,y) € crit:rha/lC x critg, . and pair;rhg/’C (z) =v.

+

Distinguish two cases based on x € crit], o

- If € Dy. By definition, we must have z € Ind(A), so x(z) = =.
Moreover, S € Ck, hence succk(z) is not defined. Together with
T € dom(pairjhg/lc), this gives x(zS) = pairjhg/lc(x). Since (r,2S) € S%,
we have (z,pair}, (z)) € S7.

o/K

- If # = ch,/(R) with R € D}f. By definition of geny, there exists
wR € Ck. Since R ¢ {S,S7}, we have x(wR) = ch,/c(R). From
R € D, we know that 7 = IR~ C 3S, which ensures wRS € A%,
The definition of D} further tells us that 35 ¢ Ox(ch,/c(R)). As
X(wR) =z € dom(pair:rha/lc), we must have y(wRS) = pair), ().

ChU/K
Finally (wR,wRS) € S¢ ensures (, pairjha/lC (z)) € S7.

3%, Let (z,ch,/xc(S)) such that z € critjha/lc \ dom(pair} ).

ChU/K

Distinguish two cases based on z € crit}; e

- If z € D{:. By definition = € Ind(A), so x(z) = z. Moreover, zS € Cx,

hence succk () is not defined. Combined with x ¢ dom(pairjham), we
obtain x(zS) = ch,/(S). Since (z,zS) € S§, we have (z,ch,/x(S)) €

S7.

- If # = ch,/c(R) with R € D}. By definition of geny., there exists wR €
A< Since R ¢ {S,S7}, it gives x(wR) = chy/c(R). The hypothesis
T = 3R~ C 3S ensures wRS € A%, Since 3S ¢ 6x(ch,/c(R)) and
x(wR) = = ¢ dom(pair), ), it gives x(wRS) = ch,/c(S). Finally

ChU/K

(wR, wRS) € S¢ ensures (z,ch,/c(S)) € S7.
37. Symmetric to Case 37.

4%, Let (chg/k(S), chy/xc(S)) with ‘crit:rham‘ > ‘crit;w,c‘, T EISTC IS, IS¢
Ok (chy/kc(S)) and ch,/c(S) ¢ ch, /(D). Because of "

we know that there exists some z € crit}; e \ dom(pair}, )~ Distinguish two

> ’crit;1

it
C”tch[,/,c

)

cases based on x € cri‘c:rh :
o/K
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- If z € Df. By definition, S € Ck, hence succk(z) is not defined.
Moreover, we chose z € crit:rhv/’C \dom(pairjhgm), soz ¢ dom(pair:“hgm).
It follows that x(zS) = ch,/c(S). Since T |= 35S~ C 3S, we have 2SS €
A<, Combined with our assumptions 3S ¢ 6 (ch,/xc(S)) and ch, /x(S) ¢
crit:rha/’<7 we obtain x(zSS) = ch,/x(S). Finally from (zS, 2SS) € S§, we
can infer (chy/ic(S), chy/k(S)) € S7.

- If 2 = ch,c(R) with R € D}f. By definition of geny, there ex-
ists wR € A®%. From R € D, we have R ¢ {S,S™}, which gives
X(wR) = ch,/c(R). Moreover, we also have that 7 = 3R~ C 3,
which ensures wRS € A%, Since 3S ¢ O (ch,/c(R)) and x(wR) =z ¢
dom(pair:“hg/’c), we have x(wRS) = ch,/x(S). Furthermore, we assumed
3S ¢ Ox(chs/xc(S)) and chyxc(S) ¢ ch, (DY), ensuring in particular
ch,/k(S) ¢ crit:’hom. Hence x(wRSS) = ch,/x(S). We conclude by using

(wRS, wRSS) € S¢ to infer (ch,/k(S), chy/xc(S)) € S7.

4~ . Symmetric to Case 4T, O

End of the proof of Lemma 33 Now we prove that p is injective. Consider
two matches 7y, mo of gs in J such that p(m) = p(m2). We will use m[1], m1[2] to
refer to the first and second arguments of 7y, and similarly for m. We consider
all nine cases, showing in each case that either the situation cannot occur or that
T = T9.

1. 1. When 7y, 1y are both of Shape 1, we have m; = p(m) = p(ms) = ma.

2,3%. m = (a,b) is of Shape 1, so m = p(m), while m = (z,y) is of Shape 2
or 3%, which implies that x € crit;am.

- If # € Dy, then p(my)[1] = ori*(z) = z. It follows that p(m)[1] =
a =x. But a ¢ Dy since S(a,b) € A, which is a contradiction.

- If 2 = ch,/c(R) with R € D, then in particular 3S ¢ O (ch,/c(R)).
Lemma 28 tells us that Ox(ch,/c(R)) = 0k (f(repr(R))). We also
have orit(z) = f(repre(R)), so p(m)[1] = f(repri(R)). From
p(m) = p(m) we get a = f(repri(R)). Putting this together,
we get IS ¢ O(a), which contradicts S(a,b) € A.

4%, In particular 3S ¢ Ox(ch,/c(S)) and p(m2)[1] = f(repri(S)). Lemma 28
provides Ox(chy/x(S)) = Ok (p(m2)[1]). Recall m = p(m1) = (a,b) and
p(m) = p(ma), hence 3S ¢ Ox(m[1]). Contradiction with S(a,b) € A.

2,3%. 1. Symmetric to Case 1.(2, 31).
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2, 3%. As both m; and my are of Shapes 2 / 3%, we have ori* (m[1]) = ori* (ma[1]).
We can apply Lemma 32 to obtain m[1] = m[1]. By examining the
conditions of Shapes 2 and 3", we can see that m; and 7, must have
the same shape, and moreover, their second arguments must coincide,
yielding 7 = .

4%, As m = (x,y) is of Shape 2 / 3%, we have x = m([1] € critcﬁ,om. As
Ty = (ch,/k(S),chg/c(S)) is of Shape 4, we have 7 = 35~ C 3S,
3S ¢ Ok (chy/k(S)), chy/ic(S) ¢ chy (D)), and the following p(ms) =
(f (repric(S)), succs (f (reprc(9))))-

- If x € D, then p(m)[1] = orit(x) = z € Ind(A). From p(m) =
p(m2) and above, we get @ = p(m1)[1] = p(m2)[1] = f(repric(S)). By
statement 1 of Lemma 2, we have 0 (chs .., /x(S)) = O (f(repric(S))),
yielding O (x) = bxc(ch,x(S)). Recall that z € Dy ensures in partic-
ular 3S € Ox(x), it contradicts the assumption 3S ¢ Ox(ch, /x(9)).

- If = ch,/c(R) with R € D7, then p(m)[1] = f(repri(R)). As
p(m) = p(my) and p(my)[1] = f(repri(S)), we have f(repry(R))
f(repr(S)). The second statement of Lemma 28 gives us ch, /c(R) =
ch,/k(S). Since R € D, we get a contradiction with chy/c(S) ¢
Cha/]C(D;r).

4%, 1. Symmetric to Case 1.4".
2, 3*. Symmetric to Case (2, 37).47.

4. By definition m; = my = (chy/k(S), chy/ic(9)).

A.4 Proofs for Section 5.5 (Role cardinality over
DL-Lite’!

pos
Before starting with the proper proof, we need some additional definitions.

First, why do we start from a demanding individual free KB? We want to take
advantage of the absence of non-trivial propagation, in particular of violation of its
Condition 2 (see Definition 68), which is involving roles generated by 35~ (resp 3S).
Therefore, we somehow need these generated roles to be here as soon as possible:
we need their causes, that are S-assertions, in our initial ABox.

Speaking about causes, take a look at Condition 3 from Definition 68. Here is
a handy definition to take advantage of the cases in which this latter condition is
broken.

Definition 74. Let wR be an anonymous element of A°<. A cause of wR is a
positive concept such that: if w € Ind(A), then cause(wR) is either an atomic
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concept B such that K |= B(w) and T }= B T 3R, or a positive concept 3T such
that there exists some b with K = T(w,b) and T = 3T C JR. Otherwise w = wyT,
then cause(wR) := 3T~

Following this line, here is a definition capturing the role provided by a violation
of Condition 1 (again from Definition 68).

Definition 75. For an element w € A%, if there exists a positive role U such that
wU e A® Tl=ULCS and T = ULC S, then we pick such a role U and say it is
the leader of the element w, denoted leader(w).

Our construction proceed by induction on Ci, so here is the order we pick.

Definition 76. We pick an order < on A% such that: < is breadth-first and for
all w € Cx, if leader(w) is defined, then VR, wR € A°* = w - leader(w) < wR.

We are now all setup for the main construction. Here is some intuition before
this two-page long definition. Recall we explore the canonical model, especially
anonymous elements being words ending by a particular positive role. Whenever
we encounter a nilpotent role, we send it on its choice, because if ever it propagates
some non-nilpotent roles, then the choice of well-typed elements ensures there are
some further pre-existing matches on which to fold. Otherwise (and that is a big
otherwise), if we previously encountered a bipotent role or a bidirectionnal match
(that is a pair of element (a,b) such that both (a,b) and (b, a) are pre-existing
matches), then it is costless to reuse it (protip: that’s what the “flag” is for!).
Otherwise, we look for such a bidirectionnal match around which would solve all
further problems. If none, then the role you are encountering surely isn’t bipotent:
a nilpotent role propagating a bipotent role could not have let you end up on an
element without a bidirectionnal match around (it would contradict the definition of
a choice of well-typed element!), and non-nilpotent nor bipotent roles propagating
a bipotent role could not have either (it would violate the absence of non-trivial
propagation!). Therefore, at this point, the role you are encountering is either
a subrole of S or of S™, but not both. In both cases, you are ensured to find a
pre-existing match on which to fold (otherwise it would again violate either the
choice of well-typed elements of the absence of non-trivial propagation).

Here is the more formal approach. Various properties are carried along the
construction. Property 1 ensures nilpotent roles behave as expected. Properties 27
and 27 ensures we stay within the ABox matches. Property 3 ensures the flag is
used as expected. Property 4 ensures violations of Conditions 1 and 2 are being
used. Property 5* and 5~ ensure violations of Condition 3 are being used.

Proof. By induction on (A%, <), we build two mappings flag : A — {0,1} and
X : A% — Ind(A) and ensure alongside that any element e € A< satisfies the
following properties:
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5+.

. If e = wR € A% with R nilpotent, then y(wR) = ch, x(0x(R)).

. Ife=wR e A% and T ERLC S, then K = S(x(w), x(wR)).

Ife=wR e A% and T =R C S, then K = S(x(wR), x(w)).

. If e = wR € A% and flag(wR), then £ = S(x(w), x(wR)) and K =

S(x(wR), x(w)).

. If e = wR € A% with R non-nilpotent and leader(w) is defined, then flag(wR)

and y(wR) = x(w - leader(w)).

If e = wR; € A% with T = Ry C S and —flag(wR;) and cause(wR;) = 3T
with 7 = T C S and such that there exists wR Ry € A®® with T = Ry C S,
then K = T(x(w), x(wRy)) or w =w'T~ and x(w'T~"Ry) = x(w’).

. Ife=wR; € A% with T =Ry C S~ and —flag(wR;) and cause(wR;) = 3T

with 7 = T C S~ and such that there exists wR;Ry € A with T = Ry C
S™, then K = T(x(w), x(wRy)) or w = w'T~ and x(w'T~R;) = x(w').

Initialization: Individuals. For all a € Ind(A), we set x(a) := a and
flag(a) := 0. All properties are trivially satisfied on individuals.

Induction: Anonymous elements. Let wR € A%, Assume all properties
hold for e < wR.

- If R is nilpotent, then we set x(wR) := chy/c(0x(R)) and flag(wR) := 0.

Property 1 is satisfied and all other properties trivially hold.

Else if leader(w) is defined and w - leader(w) < wR, then x(w - leader(w)) is
already defined, and we set y(wR) := x(w - leader(w)) and flag(wR) := 1. By
induction hypothesis, properties hold for w - leader(w) and all transfer to wR,
but Property 4. By definition however, Property 4 also holds for wR.

Else if flag(w), then w must have shape w = wyRq (recall the initialization sets
the flag of all individuals to 0). We set x(wR) := x(wp) and flag(wR) := 1.
Property 1, 57 and 5~ trivially hold for wR. By induction hypothesis on
woRg, Property 3 for wyRg ensures that Properties 2%, 27 and 3 continue to
hold for wR. Property 4 for wR is only relevant if leader(w) = R, in which
case it trivially holds.

Else if there exists an individual name b such that I = S(x(w), b) AS(b, x(w)),
then we set x(wR) := b and flag(wR) := 1. Therefore Property 2, 27, 3
hold for wR. Property 1, 57 and 5~ trivially hold for wR. Again, Property 4
for wR is only relevant if leader(w) = R, in which case it trivially holds.
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- Else if R is bipotent, that is 7 =R C S and 7 = R C S™. We distinguish

several subcases, each leading to a contradiction.

- If w € Ind(A), then w € Di. Contradicts the absence of bidemanding
individuals.

- If w = woRy with Ry nilpotent. By induction assumption and Property 1
and the definition of ch, /i, O (x(w)) = {{S,5'}, {S},{S'}}. This is a
contradiction with not being in the previous case.

- Otherwise w = wgRy, then leader(wy) is not defined as Property 4 from
induction hypothesis on woRg would then contradicts flag(w) being false.
In particular Ry cannot be bipotent. Hence either 7 | Rg C S or
T = Ro C S, but not both. Both cases being symmetrical, we now
focus on T = Ry C S. For the triple (cause(wy), Ro, R), we have a
propagation of S. As there are no non-trivial propagation of S, there
must be an interference (Definition 68). Note that there cannot be an
interference of the first type. Indeed, if U were such an interference,
then flag(w) would be set, which we excluded in a previous case. Hence
an interference should be of one of the other types:

- If it is of type 2, then we have a bipotent U generated by 35.
Property 2% from induction hypothesis gives K = S(x(wp), x(w)).
Hence K = 3z U(x(w),z). As U is bipotent and x(w) cannot
be a bidemanding element, there exists an individual b such that
K E S(x(w),b) and K = S™(x(w),b), which we excluded in a
previous case.

- If it is of type 3, then cause(woRo) = 3T with 3T~ generating a bipo-
tent role. Property 57 by induction hypothesis on wyRg provides
either K = T(x(wo), x(woRo)) or wy = wy T~ and x(w) = x(wiT7).
If £ = T(x(wo), x(woRp)), since x(w) cannot be a bidemanding
element, there exists an individual b such that K = S(x(w),b) and
K = S~ (x(w),b), which we excluded in a previous case. Otherwise
wo = wyT™ and x(w) = x(wyT™). Properties 2™ and 2~ from induc-
tion hypothesis on w ensure K = S(x(w),b) and S™(x(wo), x(w)),
which leads to the same excluded case.

- Otherwise either T =R C Sor 7 =R C S~ (but not both, as we already
dealt with bipotent R). These two cases are symmetrical, we focus on
T = R C S. We investigate the various possibilities for w and cause(wR):

- If cause(wR) = 3T with 7 = T C S and w = wyT~, then we set
X(wR) := x(wp) and flag(wR) := 0. In particular, Property 5% is
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satisfied. Property 2% from induction hypothesis on w gives Property 2%
for wR. Other properties trivially hold.

Else if cause(wR) = 3T with 7 = T C S and w € Ind(.A), then there
exists b € Ind(.A) such that K = T(w,b), and we set xy(wR) := b and
flag(wR) := 0. In particular, Property 2" and Property 51 are satisfied.
Other properties trivially hold.

Else if cause(wR) = 3T with 7 = T C S~ and w = weT~, from all
the preceding tests, (cause(wg), T~, R) provides a propagation of S. As
there are no non-trivial propagation, there must be an interference. It
cannot be of the first type (otherwise flag(w) would be set), hence it
must be of type 2 or 3:

- If it is of type 2, then we have a role U generated by 35~ and with
7 = U C S. Property 2% from induction hypothesis gives K |=
S(x(wp), x(w)). Since K does not contain any positive demanding
individuals, there exists an individual b such that K = U(x(w), b),
and we set x(wR) := b and flag(wR) := 0.

- If it is of type 3, then we set x(wR) := x(wp) and flag(wR) = 0.
Applying Property 5* by induction hypothesis on wyRg provides
the desired properties.

Else if w € Ind(.A), then, since there are no demanding individuals, there
exists b € Ind(A) such that K = S(x(w),b), then set x(wR) = b and
flag(x(wR) = 0. In particular, Properties 2% and 5 hold.

Otherwise cause(wR) = 3T with T nilpotent, then by Property 1 of
induction hypothesis applied on w we have x(w) = ch, /(0 (T)). By
definition of the choice of well-typed elements, there exists b € Ind(.A)
such that I = S(x(w),b), and we set x(wR) = b and flag(x(wR) =
0. ]
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Four flavors of interlacings

This annex aims to facilitate the understanding of the four variations of the
interlacings by recalling the central Definitions 19 and 20 and Theorem 4 (we
encourage the reader to keep a printed version of this annex close at hand).

We recall that these definitions assume given a model Z of an ALCHZ KB
K = (T,A), and that Q denotes the set of all R.A such that IR.A is the RHS of
an axiom in 7. Furthermore, it assumes that, for every R.A € €2, we have chosen a
function succk , that maps every element e € (3R.A)* to an element ¢’ € AT such
that (e,e’) € RT and ¢’ € AT,

Definition 77. Ouver the set Ind(A) - Q*, inductively build the following mapping:

Folnd(A)-QF — ATUH)
a +— a

w-RA — {T if flw)="1 or f(w) ¢ (R.A)*

succk A (f(w)) otherwise

where 1 is a fresh symbol witnessing the absence of a proper image for an element of
Ind(A)-Q*. The existential extraction of Z is A° := {w | w € Ind(A)-Q*, f(w) # 1}.
Slightly abusing the notation, the mapping fiao : A° — AT is also denoted f for
readability.

Definition 78. The f’-interlacing Z' of Z is the interpretation whose domain is
AT = f'(A°) and which interprets concept and role names as follows:
AT = {f'(u) |u e A° f(u) € AT}
PY .= {(a,b) | a,b € Ind(A4A) AK = P(a,b)} (Vo)
U {(f'(u), f'(u-R.B)) |u,u-RBeA°ANT ERLC P} (V)
U {(f'(u-R.B), f'(v) |u,u-RBeA°ANT ER™ C P} (V_)
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Theorem 60. If f': A° — E is pseudo-injective, then I' is a model of IKC and the
following mapping is a homomorphism from T' to L:

o: AT 5 AT

f'(w) = f(u)
Notice that f' being pseudo-injective ensures o is indeed well-defined.

We also recall the domain A* C A7 is defined as:

A" :=Ind(A) U U m(z).

T:q—TL
match

The following figure, borrowed from Section 3.4.1, summarizes the relations
between the above constructions.

- Pn.c —
Existential extraction A° NEA (¢) «——— NI 2 ()
; < / /
X e N Y p |
‘ T g 7 J ‘
Models | . : . i
| Initial model Interlacing Reduced interlacing

Finally, the four flavors of interlacings are obtained by setting f’ to one of the
functions Id, f*, f° or f*, respectively defined in Remark 8 and Definitions 23, 42
and 44 The intuitive shape of each obtained interlacing are depicted in Figure B.1.
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(c) fe-interlacing (d) f*-interlacing

Figure B.1: Intuition of the underlying structure for each type of interlacing.
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Requétes de comptage pour ’accés aux données en présence d’ontologies

Résumé : La réponse a des requétes en présence d’ontologies est une approche
prometteuse pour 'intégration et ’accés aux données qui a été activement étudiée
ces quinze derniéres années. La grande majorité des travaux dans ce domaine se
concentre sur les requétes conjonctives, alors que des requétes plus expressives, qui
offrent des fonctionnalités de comptage ou d’autres formes d’agrégation demeurent
largement inexplorées. Dans cette thése, nous introduisons une forme unifiée
de requétes de comptage, nous la relions a celles déja existantes, et étudions la
complexité du probléme consistant & répondre & ces requétes en présence d’ontologies
exprimées dans la logique de description ALCHZ ou 'une de ses sous-logiques.
Dans la mesure ou la complexité de ce probléme dans le cas général est inaccessible
en pratique et parfois trés élevée sur de telles ontologies, nous considérons également
deux restrictions sur ces requétes: ’enracinement et ’atomicité, pour lesquelles
nous établissons de meilleurs résultats en terme de complexité.

Mots-clés : Accés aux données en présence d’ontologie, Logiques de description,
Requétes de comptage, Complexité du raisonnement

Counting queries in ontology-based data access

Abstract: Ontology-mediated query answering (OMQA) is a promising approach
to data access and integration that has been actively studied in the knowledge
representation and database communities for more than a decade. The vast majority
of work on OMQA focuses on conjunctive queries, whereas more expressive queries
that feature counting or other forms of aggregation remain largely unexplored. In
this thesis, we introduce a general form of counting conjunctive query (CCQ), relate
it to previous proposals, and study the complexity of answering such queries in the
presence of ontologies expressed in the description logic ALCHZ or its sublogics. As
the general case of CCQ answering is intractable and often of high complexity over
such ontologies, we consider two practically relevant restrictions, namely rooted
CCQs and Boolean atomic CCQs, for which we establish improved complexity
bounds.

Keywords: Ontology-mediated query answering, Description Logics, Counting
query, Complexity of reasoning

Laboratoire Bordelais de Recherche en informatique (LaBRI)
UMR 5800, Université de Bordeaux, 33000 Bordeaux, France.
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