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1 Introduction

In recent years, the use of ontologies to access instance data has become increasingly
popular. The general idea is that an ontology provides a vocabulary or conceptual model
for the application domain, which can then be used as an interface for querying instance
data and to derive additional facts. In this emerging area, called ontology-based data
access (OBDA), it is a central research goal to identify ontology languages for which
query answering scales to large amounts of instance data. Since the size of the data is
typically very large compared to the size of the ontology and the size of the query, the
central measure for such scalability is provided by data complexity—the complexity of
query answering where only the data is considered to be an input, but both the query
and the ontology are fixed.

In description logic (DL), ontologies take the form of a TBox, instance data is stored
in an ABox, and the most important class of queries are conjunctive queries (CQs).
A fundamental observation regarding this setup is that, for expressive DLs such as
ALC and SHZQ, the complexity of query answering is coNP-complete [12] and thus
intractable (when speaking of complexity, we always mean data complexity). The most
popular strategy to avoid this problem is to replace ALC and SHZQ with less expres-
sive DLs that are Horn in the sense that they can be embedded into the Horn fragment
of first-order (FO) logic and have minimal models that can be exploited for PTIME
query answering. Horn DLs in this sense include, for example, logics from the £L£ and
DL-Lite families as well as Horn-SHZQ, a large fragment of SHZQ for which CQ-
answering is still in PTIME [12]. While CQ-answering in Horn-SHZQ and the £L£
family of DLs is also hard for PTIME, the problem has even lower complexity in DL-
Lite. In fact, the design goal of DL-Lite was to achieve FO-rewritability, i.e., that any
CQ ¢ and TBox T can be rewritten into an FO query ¢’ such that the answers to ¢
w.r.t. T coincide with the answers that a standard database system produces for ¢’ [6].
Achieving this goal requires CQ-answering to be in AC°.

It thus seems that the data complexity of query answering in a DL context is well-
understood. However, all results discussed above are on the level of logics, i.e., each
result concerns a class of TBoxes that is defined syntactically through expressibility in a
certain logic, but no attempt is made to identify more structure inside these classes. The
aim of this paper is to advocate a fresh look on the subject, by taking a novel approach.
Specifically, we advocate a non-uniform study of the complexity of query answering



by considering data complexity on the level of individual TBoxes. For a TBox T, we
say that CQ-answering w.r.t. T is in PTIME if for every CQ g, there is a PTIME algo-
rithm that, given an ABox A, computes the answers to ¢ in A w.r.t. 7. In a similar way,
we can define coNP-hardness and FO-rewritability on the TBox level. The non-uniform
perspective allows us to investigate more fine-grained questions regarding the data com-
plexity of query answering such as: given an expressive DL £ such as ALC or SHZQ,
how can one characterize those £-TBoxes 7 for which CQ-answering is in PTIME?
How can we do the same for FO-rewritability? Is there a dichotomy for the complexity
of query answering w.r.t. TBoxes formulated in £, such as: for any £-TBox T, CQ-
answering w.r.t. 7 is either in PTIME or coNP-hard?

In this paper, we consider TBoxes formulated in the expressive DL ALCFZ, answer
some of the above questions, and take some steps towards others. Our main results are:

1. there is a dichotomy between PTIME and coNP-complete for CQ-answering w.r.t.
ALC-TBoxes if, and only if, Feder and Vardi’s dichotomy conjecture that “con-
straint satisfaction problems (CSPs) with finite template are in PTIME or NP-
complete” [10] is true; the same holds for ALCZ-TBoxes;

2. there is no dichotomy between PTIME and coNP-complete for CQ-answering w.r.t.
ALCF-TBoxes, unless PTIME = NP; moreover, PTIME-complexity of CQ an-
swering and many related problems are undecidable for ALCF.

3. there is a dichotomy between PTIME and coNP-complete for CQ-answering w.r.t.
ALCFI-TBoxes of depth one, i.e., TBoxes where concepts have role depth < 1;

4. FO-rewritability is decidable for Horn-ALC FZ-TBoxes of depth two and all Horn-
ALCF-TBoxes;

It should be noted that there has been steady progress regarding the dichotomy con-
jecture of Feder and Vardi over the last fifteen years and though the problem is still
open, a solution does not seem completely out of reach [4, 5]. Our proof of Point 1 is
based on a novel connection between CSPs and query answering w.r.t. ALCZ-TBoxes
that can be exploited to transfer numerous results from the CSP world to query answer-
ing w.r.t. ALCZ-TBoxes and related problems. For example, together with [16, 5] we
obtain the following results on ‘FO-rewritability of ABox consistency’:

5. Given an ALCZ-TBox T, it can be decided in NEXPTIME whether there is an FO-
sentence 7 such that for all ABoxes A, A is consistent w.r.t. 7 iff A viewed as an
FO-structure satisfies 7. Moreover, such a sentence @7 exists iff ABox consis-
tency w.r.t. 7 can be decided in non-uniform ACY. Finally, if no such sentence ¢
exists, then ABox consistency w.r.t. 7 is LOGSPACE-hard (under FO-reductions).

To prove our results, we introduce some new notions that are relevant for studying
the questions raised and prove some additional results of general interest. A central
such notion is materializability of a TBox T, which formalizes the existence of mini-
mal models as known from Horn-DLs. We show that, in the case of TBoxes of depth
one, materializability characterizes PTIME CQ-answering, which allows us to establish
Point 2 above. For TBoxes of unrestricted depth, non-materializability still provides a
sufficient condition for coNP-hardness of CQ-answering. We also develop the notion
of unraveling tolerance of a TBox 7, which provides a sufficient condition for query



answering to be in PTIME. The resulting upper bound strictly generalizes the known
result that CQ-answering in Horn-ALCFZ is in PTIME. Our framework also allows
to formally establish some common intuitions and beliefs held in the context of CQ-
answering in description logics. For example, we show that for any ALCFZ-TBox T,
CQ-answering is in PTIME iff answering positive existential queries is in PTIME iff
answering £LZ-instance queries is in PTIME and likewise for FO-rewritability. An-
other observation in this spirit is that an ALCFZ-TBox is materializable (has minimal
models) iff it is convex (a notion related to the entailment of disjunctions).

Most proofs in this paper are deferred to the (appendix of the) long version, which
is available at http://www.csc.liv.ac.uk/™ frank/publ/publ.html.

2 Preliminaries

We use standard notation for the syntax and semantics of ALCFZ and other well-
known DLs. Our TBoxes are finite sets of concept inclusions C' C D, where C and D
are potentially compound concepts, and functionality assertions func(r), where r is a
potentially inverse role. ABoxes are finite sets of assertions A(a) and r(a,b) with A a
concept name and r a role name. We use Ind(A) to denote the set of individual names
used in the ABox A and sometimes write 7~ (a, b) € A instead of r(b, a) € A. For the
interpretation of individual names, we make the unique name assumption.

A first-order query (FOQ) q(x) is a first-order formula with free variables x con-
structed from atoms A(t), r(¢,t'), and ¢t = ¢’ (where ¢,t' range over individual names
and variables) using negation, conjunction, disjunction, and existential quantification.
The variables in @ are the answer variables of q. A FOQ without answer variables is
Boolean. We say that a tuple a C Ind(.A) is an answer to q(x) in an interpretation T if
T k= q[a], where g[a] results from replacing the answer variables x in ¢(x) with a. A
tuple a C Ind(A) is a certain answer to q(x) in A given T , in symbols T, A = ¢(a),
if Z |= ¢la] for all models Z of A and T. Set certr(q, A) = {a | T,A = q(a)}.
A positive existential query (PEQ) q(x) is a FOQ without negation and equality and
a conjunctive query (CQ) is a positive existential query without disjunction. If C' is
an ELZ-concept and a € Ny, then C(a) is an ELT-query (ELIQ). £L-queries (ELQs)
are defined analogously. Note that ££Z-queries and £ L-queries are always Boolean. In
what follows, we sometimes slightly abuse notation and use FOQ to denote the set of
all first-order queries, and likewise for CQ, PEQ, ELIQ, and ELQ.

Definition 1. Let T be an ALCFZ-TBox. Let Q € {CQ, PEQ,ELIQ, ELQ}. Then

— Q-answering w.r.t. T is in PTIME if for every q(x) € Q, there is a polytime algo-
rithm that computes, given an ABox A, the answer certy(q, A);

— Q-answering w.r.t. 7 is coNP-hard if there is a Boolean q € Q such that, given an
ABox A, it is coNP-hard to decide whether T, A = q;

— T is FO-rewritable for Q iff for every q(x) € Q one can effectively construct an
FO-formula ¢’ (x) such that for every ABox A, cert1(q, A) = {a | T4 E ¢'(a)},
where I 5 denotes A viewed as an interpretation.

The above notions of complexity are rather robust under changing the query language:
as we show next, neither the PTIME bounds nor FO-rewritability depend on whether
we consider PEQs, CQs, or ELIQs.



Theorem 1. For all ALCFZ-TBoxes T, the following equivalences hold:

1. CQ-answering w.rt. T is in PTIME iff PEQ-answering w.r.t. T is in PTIME iff
ELIQ-answering w.r.t. T is in PTIME;

2. T is FO-rewritable for CQ iff it is FO-rewritable for PEQ iff it is FO-rewritable
for ELIQ.

If T is an ALCF-TBox, then we can replace ELIQ in Points 1 and 2 with ELQ.

The proof is based on Theorems 2 and 3 below. Theorem 1 allows us to (sometimes)
speak of the ‘complexity of query answering’ without reference to a query language.

3 Materializability

An important tool we use for analyzing the complexity of query answering is the notion
of materializability of a TBox 7, which means that computing the certain answers to
any query ¢ and ABox A w.r.t. T reduces to evaluating ¢ in a single model of .4 and 7.

Definition 2. Let T be an ALCFZ-TBox and Q € {CQ,PEQ,ELIQ,ELQ}. T is Q-
materializable if for every ABox A that is consistent w.r.t. T, there exists a model I of

T and A such that 1 = qla] iff T, A = q(a) for all (x) € Q and a C Ind(A).

We show that PEQ, CQ, and ELIQ-materializability coincide (and for ALC-TBoxes, all
these also coincide with ELQ-materializability). Materializability is also equivalent to
the following disjunction property (sometimes also called convexity): a TBox 7 has the
ABox disjunction property if for all ABoxes A and ELIQs C}(ay),...,Cy(ay), from
T,AECi(a1) V...V Cylay) it follows that T, A = C;(a;), for some i < n.

Theorem 2. Let T be an ALCFZI-TBox. The following equivalences hold: T is PEQ-
materializable iff T is CQ-materializable iff T is ELIQ-materializable iff T has the
ABox disjunction property.

If T is an ALC-TBox, the above are equivalent to ELQ-materializability.

Because of Theorem 2, we sometimes use the term materializability without reference
to a query language. We call an interpretation Z that satisfies the condition formulated
in Definition 2 for PEQs a minimal model of T and .A. Note that in many cases, only an
infinite minimal models exists. For example, for 7 = {A C 3r.A} and A = {A(a)}
every minimal model Z of 7 and A comprises an infinite r-chain starting at a”. Every
TBox that is equivalent to an FO Horn sentence (in the general sense of [7]) is mate-
rializable: to construct a minimal model for such a TBox 7 and some ABox A, one
can take the direct product of all at most countable models of 7 and A (for additional
information on direct products in DLs, see [17]). Conversely, however, there are simple
materializable TBoxes that are not equivalent to FO Horn sentences.

Example 1. Let T = {Ir. (AN -BMN-FE) C 3r.(-AMN-BMN-E)}. One can easily
show that 7 is not preserved under direct products; thus, it is not equivalent to a Horn
sentence. However, one can construct a minimal model Z for 7 and any ABox A by
taking the interpretation Z 4 obtained by viewing A as an interpretation and then adding,



for any a € Ind(A) witha € (3r.(AN—=BMN—-E))T4, a fresh d, such that (a,d,) € r*
and d, is not in the extension of any concept name. PEQ-answering w.r.t. 7 is FO-
rewritable since for any PEQ g, cert7(q,.A) consists of precisely the answers to ¢ in Z 4
(i.e., no query rewriting is necessary). Thus, PEQ-answering w.r.t. 7 is also in PTIME.

We show that materializability is a necessary condition for query answering being in
PTIME.

Theorem 3. Ifan ALCFZ-TBoxT (ALCF-TBox T ) is not materializable, then ELIQ-
answering (ELQ-answering) is coNP-hard w.r.t. T.

The proof uses the violation of the ABox disjunction property stated in Theorem 2 and
generalizes the reduction of 2+2-SAT used in [19] to prove that instance checking in a
variant of ££ is coNP-hard.

Materializability is not a sufficient condition for query answering to be in PTIME. In
fact, we show that for any non-uniform constraint satisfaction problem, there is a mate-
rializable ALC-TBox for which Boolean CQ-answering has the same complexity, up to
complementation of the complexity class. For two finite relational FO-structures R and
R’ over relation symbols X, we write Hom(R’, R) if there is a homomorphism from
R’ to R. The non-uniform constraint satisfaction problem for R, denoted by CSP(R),
is the problem to decide, for every finite R’ over X, whether Hom(R’, R). Numer-
ous algorithmic problems, among them many NP-complete ones such as k-SAT and
k-colourability of graphs, can be given in the form CSP(R). It is known that every
problem of the form CSP(R) is polynomially equivalent to some CSP(R’) with R’ a
digraph [10]. Thus, in what follows we can restrict ourselves to considering CSPs of
the form CSP(Z), where 7 is a DL interpretation. A signature X is a set of concept and
role names. The signature sig(7") of a TBox 7 is the set of concept and role names that
occur in 7. A X-TBox is a TBox that uses symbols from X only. Similar notation is
used for ABoxes, concepts, and interpretations. For an ABox A, we denote by A% the
subset of A containing symbols from X' only. We will often not distinguish between
ABoxes and finite interpretations.

Theorem 4. For every non-uniform constraint satisfaction problem CSP(Z), one can
compute in polytime a materializable ALC-TBox T such that for all ABoxes A,

1. Hom(A¥,T), with X = sig(Z), iff A is consistent w.r.t. T;
2. for any Boolean CQ q, answering q w.r.t. T is polynomially reducible to the com-
plement of CSP(T).

The proof Theorem 4 relies on the existence of ALC-concepts H whose value HZ in
interpretations Z cannot be detected directly using CQs, but which can be used in a
TBox to influence the values AZ of concept names A and, therefore, have an indirect
effect on the answers to CQs. From the viewpoint of CQ query answering, they thus
behave similarly to second-order variables. More precisely, let, for a finite set V' of
indices, Z,, r, S, be concept and role names, respectively. Let

Tv={TC3I,T,TCIs,.Z, |v eV}, H,=Vr,3s,.77Z,.

Lemma 1. For any ABox A and sets I, C Ind(A), v € V, one can construct a minimal
model T of (Ty, A) such that HE = I, for allv € V. Ty, is FO-rewritable for PEQ.



To prove Theorem 4, one extends the TBox 7y,. Assume CSP(Z) is given. Let V = A%
and assume, for simplicity, that sig(Z) = {r}. Define

T=TyU{H,N3IrH,C L |v,weV, (v,w) grf}u
{HUHHMEJ_|U7wEV,v7éw}U{|_|ﬁHUEJ_}
veV

Based on Lemma 1, it is possible to verify Points 1 and 2 of Theorem 4. For Point 2, it
can be seen that for all Boolean CQs ¢ and ABoxes A, (T, A) | qiff (Ty, A) = qor
not Hom (A%, 7); since Ty is FO-rewritable, the former can be checked in PTIME.

4 (Towards) Dichotomies

We start with a reduction of Boolean CQ-answering w.r.t. ALCZ-TBoxes to CSPs that
yields, together with Theorem 4, a proof of Point 1 in the introduction: the dichotomy
problem for CSPs is equivalent to the dichotomy problem for CQ answering w.r.t. ALC-
(and ALCZ-) TBoxes.

Theorem 5. Let T be an ALCZ-TBox and C(a) an ELIQ. Then one can construct, in
time exponential in |T| + |C

5

1. a X-interpretation Z, X = (sig(T) Usig(C)) W {P}, with P a concept name, such
that for all ABoxes A,
(a) there is a polynomial reduction of answering C(a) w.r.t. T to the complement
of CSP(Z);
(b) there is a polynomial reduction from the complement of CSP(Z) to Boolean
CQ-answering w.rt. T ;
2. a X-interpretation T, X = sig(T), such that for every ABox A, A is consistent
w.rt. T iff Hom(A*, T).

For Point 1, 7 is in fact the interpretation that is obtained by the standard type elimi-
nation procedure for ALCZ-TBoxes T and concepts C. More specifically, let S be the
closure under single negation of all subconcepts of 7 and C. A type t is a maximal
subset of S that is satisfiable w.r.t. 7. Then A7 is the set of all types, t € AT iff A € t,
and (t,t') € rTiff Vr.D € t implies D € t' and Vr~—.D € t' implies D € t. For the
special concept name P, set PT = {t | C' ¢ t}. With the type elimination algorithm, 7
can be constructed in exponential time. The mentioned reductions are then as follows:

(@ (T,A) £ C(a) iff not Hom(Ag(a),I), where Ap,) results from A by adding
P(a) to A and removing all other assertions using P from A;
(b) not Hom(A*,Z) iff (T, A) £ Jv.(P(v) A C(v)).

Result 1 from the introduction can be derived as follows. Let CSP(Z) be an NP-inter-
mediate CSP, i.e., a CSP that is neither in PTIME nor NP-hard. Take the TBox 7T
from Theorem 4. By Point 1 of that theorem and since consistency of ABoxes w.r.t. T
can trivially be reduced to the complement of answering Boolean CQs w.r.t. T, CQ-
answering w.r.t. 7 is not in PTIME. By Point 2, CQ-answering w.r.t. 7 is not coNP-
hard either. Conversely, let 7 be a TBox for which CQ-answering w.r.t. 7 is neither in



PTIME nor coNP-hard. Then by Theorem 1 and since every ELIQ is a CQ, the same
holds for ELIQ-answering w.r.t. 7. Thus, there is a concrete ELIQ C'(a) such that an-
swering C'(a) w.r.t. 7 is coNP-intermediate. Let Z be the interpretation constructed
in Point 1 of Theorem 5 for 7 and C(a). By Point 1a, CSP(Z) is not in PTIME; by
Point 1b, it is not NP-hard either.

Result 5 from the introduction can be derived as follows. It is proved in [16, 5] that
the problem to decide whether the class of structures {Z’ | Hom(Z’, Z)} is FO-definable
is NP-complete. We obtain a NEXPTIME upper bound since the template Z associated
with 7 can be constructed in exponential time. The claims for AC® and LOGSPACE
follow in the same way from other results in [16, 5].

We now develop a condition on TBoxes, called unraveling tolerance, that is suf-
ficient for PTIME CQ-answering and strictly generalizes Horn- ALCFZ, the ALCFZ-
fragment of Horn-SHZ Q. For the case of TBoxes of depth one, we obtain a PTIME/coNP
dichotomy result. The notion of unraveling tolerance is based on an unraveling oper-
ation on ABoxes, in the same spirit as the well-known unraveling of an interpretation
into a tree interpretation. This is inspired by (i) the observation that, in the proof of
Theorem 3, the non-tree-shape of ABoxes is essential; and (ii) by Theorem 5 together
with the known fact the non-uniform CSPs are tractable when restricted to tree-shaped
input structures. The unraveling A, of an ABox A is the following ABox:

— the individual names Ind(A, ) of A, are sequences boroby - - - Tp—1by, bo, . .., by, €
Ind(A) and rg, ..., r,—1 (possibly inverse) roles such that for all ¢ < n, we have
ri(biybit1) € Aand b1 # b;—1 (whenever ¢ > 0);

— for each C'(b) € A and o = boroby -+ - rp—1by, € Ind(A,) with b,, = b, we have
C(a) € Ay;

— for each byroby - - - rp—1by, € Ind(A,,), we have 7,1 (bp—1,b,,) € A,.

For all 8 = boro - rp—1b, € Ind(A,), we write tail(§) to denote b,,. Note that the
condition b; 11 # b;_1 is needed to ensure that functional roles can still be interpreted
in a functional way after unraveling, despite the UNA.

Definition 3. A TBox T is unraveling tolerant if for all ABoxes A and ELIQs q, we
have that T, A \= q implies T, A, E q.

It is not hard to prove that the converse direction ‘7,4, [ ¢ implies T, A E ¢
is true for all ALCFI-TBoxes. We now show that the class of unraveling tolerant
ALCFI-TBoxes generalizes Horn-ALCFZ. This is based on the original and most
general definition of Horn-SHZQ in [12] and thus also captures weaker variants as
used e.g. in [13,9]. The TBox in Example 1, which is unraveling tolerant but not a
Horn- ALC FZ-TBox, demonstrates that the generalization is strict.

Lemma 2. Every Horn-ALCFZ-TBox is unraveling tolerant.

It is interesting to note that unraveling tolerance implies materializability. We shall see
that the converse is, in general, not true.

Lemma 3. Every unraveling-tolerant ALCFZL-TBox is materializable.



We now show that unraveling tolerance yields a class of ALCFZ-TBoxes for which
query answering is in PTIME. By Lemma 2 and since we actually exhibit a uniform
algorithm for query answering w.r.t. unraveling tolerant TBoxes, this also reproves the
known PTIME upper bound for CQ-answering in Horn-ALCFZ [9]. This result is not
a consquence of Theorem 4 and known results for CSPs since we capture full ALCFZ.

Theorem 6. If an ALCFZI-TBox T is unraveling tolerant, then PEQ-answering w.r.t.
T is in PTIME.

To see that unraveling tolerance does not capture all ALCFZ-TBoxes for which query
answering is in PTIME, we can invoke Theorem 4. For example, taking a CSP for
2-colorability, we obtain a TBox 7 for which CQ-answering is in PTIME and such
that an ABox A with sig(A) = {r} is consistent w.r.t. 7 iff A is 2-colorable. Thus,
A, T = X(a), X afresh concept name, iff A is not 2-colorable. It follows that 7 is not
unraveling tolerant. We conjecture that it is possible to generalize Theorem 6 to larger
classes of TBoxes by relaxing the operation of ABox unraveling such that it yields
ABoxes of bounded treewidth instead of tree-shaped ABoxes. Such a generalization
would still not capture 2-colorability.

We now turn to TBoxes of depth one. The central observation is that for this special
case, we can prove a converse of Lemma 3.

Lemma 4. Every materializable ALCFZI-TBox of depth one is unraveling tolerant.

This brings us into the position where we can establish the announced dichotomy result
for ALCFZ-TBoxes of depth one. If such a TBox 7 is materializable, then Lemma 4
and Theorem 6 yield that PEQ-answering w.r.t. 7 is in PTIME. Otherwise, ELIQ-
answering w.r.t. 7 is coNP-complete by Theorem 3. We thus obtain the following.

Theorem 7 (Dichotomy). For every ALCFZ-TBox T of depth one, one of the follow-
ing is true:

— Q-answering w.r.t. T is in PTIME for any Q € {PEQ,CQ,ELIQ};
— Q-answering w.r.t. T is coNP-complete for any Q € {PEQ,CQ,ELIQ}.

5 Deciding FO-Rewritability

The results of this section are based on the observation that for materializable TBoxes of
depth one, FO-rewritability for CQ follows from FO-rewritability for atomic concepts,
i.e., concept names and L. We say that an atomic concept A is FO-rewritable w.r.t. a
TBox T and a signature X if there exists an FO-formula ¢ 4 such that for all 2’-ABoxes
Aand a € Ind(A): T,A = A(a) iff Za | @ala]. Clearly, if T is FO-rewritable
for CQ, then every atomic concept is FO-rewritable w.r.t. 7 and any signature. For
materializable TBoxes of depth one, the converse is also true.

Lemma 5. A materializable ALCFZ-TBox of depth one is FO-rewritable for CQs iff
all atomic concepts are FO-rewritable w.r.t. T and sig(T).

Based on Lemma 5, we can use Theorem 5 and results from [16] to obtain the following
result, in a similar (but slightly more involved) way as in the proof of Result 5 from the
introduction.



Theorem 8. FO-rewritability for CQs is decidable in NEXPTIME, for any of the fol-
lowing classes of TBoxes: materializable ALCZ-TBoxes of depth one, Horn-ALC-
TBoxes, and Horn- ALCZ-TBoxes of depth two.

Theorem 5 does not apply to DLs with functional roles. To analyze FO-rewritability
in the presence of functional roles, we associate with every materializable TBox 7 of
depth one a monadic datalog program 7 such that 7 and I7+ give the same answers
to queries A(a), A atomic. We then show that 7 is FO-rewritable if, and only if, IT is
equivalent to a non-recursive datalog program. The latter property is known as bound-
edness of a datalog program and has been studied extensively for fixpoint logics [3, 18]
and datalog programs [8]. Using existing decidability results for boundedness, we can
then establish a counterpart of Theorem 8 for the case of ALCFZ.

For our purposes, a monadic datalog program II consists of rules A(z) + X,
where A is a concept name and X is a finite set consisting of assertions of the form
B(x), r(x1, z2), and inequalities 21 # x2, where B is a concept name, r a role, and
x,T1,To range over variables. Inequalities are required to model functional roles. We
also use a special unary predicate | and rules L (z) < X stating that X is inconsistent.
For an ABox A, we denote by IT%(.A) the set of all assertions A(a) that can be derived
using ¢ applications of rules from I7 to A. We set 11> (A) = |J,~, I (A).

Definition 4 (Boundedness). Let 1] be a datalog program and X' a signature. An
atomic concept A is bounded in IT for X-ABoxes if there exists a k > 0 such that
for all X-ABoxes A and all a € sig(A): A(a) € IT*°(A) iff A(a) € IT*(A).

Let 7 be a materializable TBox of depth one. A >-neighbourhood ABox (X~-NH) con-
sists of a X’-ABox A with a distinguished individual name f such that A consists of
assertions of the form r(f, a) with r a role and a # f and A(b) such that

— foreach b # f with b € Ind(A) there is exactly one r such that r(f,b) € A;
— ifr(f,b1) and r(f,b2) € Aand by # bo, then there exists A(b) € A with A(bs) &
A or vice versa.

The ABox A in which each individual b is replaced by a variable z;, is denoted by A”.
Now define a monadic datalog program associated with 7, where X = sig(7T):

It = {A(z,) + A" | AisaX-NH,a € Ind(A), A e X, (T,A) = A(a)} U
{L(z) + A” | Aisa X-NH that is not consistent w.r.t. 7 } U
{L(z) ¢ r(y,y1),7(¥, ¥2), 91 # y2 | func(r) € THU
{A(z) + L(z) | Ae X}.

The following lemma states that II behaves as intended.

Lemma 6. For every materializable ACCFI-TBox T of depth one, every A € sig(T),
every ABox A, and every a € Ind(A), (T, A) = A(a) iff A(a) € II¥(A). Moreover,
L(a) € 1152 (A) iff A is not consistent w.r.t. T.

Using unfolding tolerance of materializable TBoxes of depth one, one can show the
following equivalence for FO-rewritability and boundedness.



Lemma 7. For every materializable ALCFZIZ-TBox T of depth one and signature 3.:
an atomic concept A is bounded in Il for X-ABoxes iff A is FO-rewritable w.r.t. T
and X.

Unfortunately, decidability results for boundedness of monadic datalog programs are
not directly applicable to I77 since they assume programs without inequalities [8, 11].
However, using unfolding tolerance, one can employ instead recent decidability results
on boundedness of least fixed points over trees [18] to obtain the following theorem.

Theorem 9. FO-rewritability for CQs is decidable, for any of the following classes
of TBoxes: materializable ALCFZI-TBoxes of depth one, Horn-ALCF-TBoxes, and
Horn- ALCFZI-TBoxes of depth two.

6 Non-Dichotomy and Undecidability in ALCF

The aim of this section is to show that the addition of functional roles significantly com-
plicates the problems studied in the previous sections. More precisely, we show that
(i) for CQ-answering w.r.t. ALCF-TBoxes, there is no dichotomy between PTIME and
coNP unless PTIME = NP; and (ii) CQ-answering in PTIME is undecidable for ALCF-
TBoxes, and likewise for coNP-hardness, materializability and FO-rewritability. Point (i)
is a consequence of the following result.

Theorem 10. For every language L in coNP, there is an ALCF-TBox T and query
rej(a), rej a concept name, such that the following holds:

1. there exists a polynomial reduction of deciding v € L to answering rej(a) w.rt. T;
2. forevery ELIQ q, answering q w.r.t. T is polynomially reducible to deciding v € L.

Ladners theorem [15] states that unless PTIME = NP, coNP intermediate problems
exist. Suppose to the contrary of Point (i) that for every ALCF-TBox T, CQ answering
w.r.t. 7 is in PTIME or coNP-hard. Take a coNP-intermediate language L and let T
be the TBox from Theorem 10. By Point 1 of the theorem, CQ-answering w.r.t. T is
not in PTIME. Thus it must be coNP-hard. By Theorem 1 and since a dichotomy for
CQ-answering w.r.t. 7 also implies a dichotomy for ELIQ-answering w.r.t. 7, ELIQ-
answering w.r.t. 7 is also coNP-hard. By Point 2 of Theorem 10, this is impossible.

The proof of Theorem 10 combines the ‘hidden’ concepts H, from the proof of
Theorem 4 with ideas from a proof in [1] which establishes undecidability of a certain
query emptiness problem in ALCF. Using a similar strategy, we establish the undecid-
ability results announced as Point (ii) above, summarized by the following theorem.

Theorem 11. For ALCF-TBoxes T, the following problems are undecidable (Points 1
and 2 are subject to the side condition that PTIME # NP):

1. CQ-answering w.r.t. T is in PTIME;
2. CQ answering w.r.t. T is coNP-hard;
3. T is materializable.

In the appendix, we also prove that FO-rewritability for CQ is undecidable in ALCF,
for a slightly modified definition of FO-rewritability that only considers consistent
ABoxes.



7

Conclusions

We have have introduced non-uniform data complexity of query answering w.r.t. de-
scription logic TBoxes and proved that it enables a more fine-grained analysis than the
standard approach. Many questions remain. In particular, the newly established CSP-
connection should be exploited further. We believe that the techniques introduced in
this paper can be extended to richer DLs such as SHZ Q.

Acknowledgments. C. Lutz was supported by the DFG SFB/TR 8 “Spatial Cognition”.
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A Proofs for Section 3

A.1 Proof of Theorem 2

We state the result to be proved again.

Theorem 2 Let 7 be a ALCFZ TBox. The following conditions are equivalent:

1. 7 is PEQ materializable;

2. T is CQ materializable;

3. 7T is ELIQ materializable;

4. T has the ABox disjunction property.

To prove Theorem 2, we require the notions of a homomorphism and of finite ho-
momorphic embeddability. Let 7, and Z, be interpretations. A function f from A7 to
A?2 is called a homomorphism if

- d € AT implies f(d) € A2, for all d € AT and all concept names A;

- (dy,ds) € r% implies (f(dy, f(d2)) € r2, forall dy, dy € AT and all role names
r;

- f(a®*) = a®2 for all individual names a interpreted in Z;.

Say that an interpretation Z; is finitely homomorphically embeddable into I, if for

every finite subset of the domain of Z; there exists a homomorphism from the induced
subinterpretation of Z; to Z,. The following lemma is readily checked:

Lemma 8. The following conditions are equivalent, for all interpretations I, and ZL::

- I1 E qla] implies Ty = qla), for all CQs q(x) and sequences a of individual
names interpreted in 1y ;

— 1, is finitely homomorphically embeddable into ZLs;

- I1 E qla] implies Ty = qla] for all PEQs q(x) and sequences a of individual
names interpreted in 1.

Using Lemma 8, one can directly prove the following:
Lemma 9. For every ALCFZL-TBox T, the following conditions are equivalent:

— T is CQ materializable;

— T is PEQ materializable;

— for every ABox A such that A is consistent w.r.t. T there exists a model T of (T, A)
that is finitely homomorphically embeddable into any model J of (T, A).

From Lemma 9, we obtain the equivalence of Points 1 and 2 in Theorem 2. We now
give a similar semantic characterization for ELIQs.

Definition 5 (Simulation). A relation S between interpretations I, and I, is a ELI-
simulation if the domain of S coincides with AT and

- Ifdy € AT and (dy,dy) € S, then dy € A%2, forall dy € ATy;



- If (d1,ds) € S and (dy,d}) € vt for some role r, then there exists diy € AT2 such
that (d},dy) € S and (dg, dy) € r*2.
- (aTr,a®2) € S, for all individual names a interpreted in T, ;

1, is finitely simulated in Iy iff for every finite subset of the domain of Z; there exists
a simulation from the induced subinterpretation of Z; to Z,. Let X be a set of individ-
ual names. An interpretation Z is weakly covered by X if for all d € AT there exist
do,...,d, € AT with a = dy and d,, = d for some individual name ¢ € X such that
for all i < n there exists a role r with (d;, d;+1) € rL.

Lemma 10. Let 71,7, be interpretations and X a set of individual names. Assume
that I, interprets exactly the individual names in X and is weakly covered by X. Then
following conditions are equivalent:

- T = C(a) implies Ty |= C(a) for all ELIQs C(a) witha € X;
— 1, is finitely simulated in Zs.

From Lemma 10, we directly obtain the following
Lemma 11. For every ALCFZL-TBox T, the following conditions are equivalent:

— T is ELIQ materializable;
— for every ABox A such that A is consistent w.r.t. T there exists a model T of (T, A)
that is finitely simulated in any model J of (T, A).

To show the equivalence of Points 1 and 3 of Theorem 2, it remains to relate simulations
to homomorphisms. The following result is based on the observation that on tree-like
interpretations simulations can be transformed into homomorphisms.

Lemma 12. For every ALCFZI-TBox T, the following conditions are equivalent:

— for every ABox A such that A is consistent w.r.t. T there exists a model T of (T, A)
that is finitely simulated in any model J of (T, A).

— for every ABox A such that A is consistent w.r.t. T there exists a model T of (T, A)
that is finitely homomorphically embeddable in any model J of (T, A).

Proof. The proof of the direction from Point 2 to Point 1 is trivial. Conversely, assume
that Ap is an ABox and Z is a model of (7, Ap) that is finitely simulated in any model
J of (T, Ao).

We unfold Z into a forest-like interpretation Z* as follows. (Observe that the con-
struction of Z* from Z is very similar to the construction of the unraveling 4, of an
ABox A. The main difference is that we do not modify the part of Z that interprets the
individual symbols of the ABox .4y. We therefore obtain a forest-like structure, rather
than a tree-like structure.) The domain AZ" consists of all sequences

d0T1d1 e Tndn
with n > 0 and r; a role such that

— there exists a € Ind(.A) such that dy = a7;
- (di,dis1) € 7F forall i < n;



— if func(ry) € T, then there does not exist any b with 1 (a, b) € A;
- if func(ri“) € T, then r; #* Tit1-

We set

for all A € N¢:
AT ={dy...d, € AT | d, € AT};

for all » € Ng:

- {(o,0rd) | ord € AT U {(or~d,o) |or~d € AI*}.
- a*" =ad”, forall a € Ind(A).

One can show that, by construction, Z* is a model of (7", .A) and Z* is simulated in Z
by the simulation
S ={(ord,d) | ord € AT},

Thus, Z* is finitely simulated in any model of (7', A). Now let 7 be a model of (T, .A).
We want to finitely homomorphically embed Z* into 7. But, for any finite subset of the
domain of Z* such an embedding is easily constructed from a simulation in 7. a

Lemmas 9, 11, and 12 imply the equivalence of Points 1, 2, and 3 in Theorem 2. It
remains to show the equivalence of Point 3 and Point 4. Clearly, Point 4 follows from
Point 3. Conversely, assume that Point 3 does not hold. Let A be an ABox that is
consistent w.r.t. 7 and such that there does not exist any model Z of (7,.A) such that
(T,A) E C(a) iff Z |= Clal, for all ELIQ C(a) with a € Ind(.A). Then T U AU I,
where

I'={-C(a) | T, Al C(a),a € Ind(A), C(a) an ELIQ},

is not satisfiable (any model Z satisfying 7 U A U I" would have the property that
(T,A) E C(a) iff Z = C|a], for all ELIQ C(a) with a € Ind(.A)). By compactness,
there is a finite subset I of I" such that 7 U A U I" is not satisfiable. Equivalently,

(T.AE \/ Cl).

-C(a)el"

By definition of I/, (T, A) & C(a), for all ~C(a) € I". Thus, T does not have the
ABox disjunction property. This finishes the proof of Theorem 2.

A.2 Proof of Theorem 3

The proof is by reduction of 2+2-SAT, a variant of propositional satisfiability that
was first introduced by Schaerf as a tool for establishing lower bounds for the data
complexity of query answering in a DL context [19]. A 242 clause is of the form
(p1 V p2 V —ny V —ng), where each of p1, pa, n1,ns is a propositional letter or a truth
constant 0, 1. A 2+2 formula is a finite conjunction of 242 clauses. Now, 2+2-SAT is
the problem of deciding whether a given 2+2 formula is satisfiable. It is shown in [19]
that 2+2-SAT is NP-complete.



Theorem 3. If an ALCFZ-TBox T (ALCF-TBox T) is not materializable, then ELIQ-
answering (ELQ-answering) is coNP-hard w.r.t. 7.

Proof. We first show that if an ALCFZ-7T is not materializable, then Boolean UELIQ-
answering w.r.t. 7 is coNP-hard, where a Boolean UELIQ is a disjunction ¢; V- - - V g,
with each ¢; a Boolean ELIQ. We then sketch the modifications necessary to lift the
result to Boolean ELIQ-answering w.r.t. 7.

Since 7T is not materializable, by Theorem 2 it does not have the disjunction prop-
erty. Thus, there is an ABox A, and ELIQs Cy(ag), - .., Ck(ay) such that T, A, E
Co(ag) V-V Cr(ag),but T, Ay = C;i(a;) for all i < k. Assume w.l.o.g. that this se-
quence is minimal, i.e., 7, Ay = Co(ao)V---VCi—1(a;—1)VCiti(air1)V---VCg(ak)
for all ¢ < k. By minimality, we clearly have that

(x) forall i < k, there is a model Z; of 7 and Ay with Z = Cj(a;) and T (= Cj(a; )
for all j # i.

We will use Ay, and the sequence Cy(ap), . . ., Ci(ay) to generate truth values for vari-
ables in the input 2+2 formula.
Let o = co A --- A cy, be a2+2 formula in propositional letters qq, . . . , ¢m, and let

¢ = Ppia VPpi2Vn 1V n o forall i < n. Our aim is to define an ABox .A¢ and a
Boolean UELIQ ¢ such that ¢ is unsatisfiable iff 7, A, |= ¢. To start, we represent the
formula ¢ in the ABox A,, as follows:

— the individual name f represents the formula ;

— the individual names cy, . . ., ¢,, represent the clauses of ¢;

— the assertions ¢(f, co),...,c(f,cn), associate f with its clauses, where ¢ is a role
name that does not occur in 7 ;

— the individual names q, . . . , ¢,,, represent variables, and the individual names 0, 1

represent truth constants;
— the assertions

U {p1(ci, pin), pa(cis pi2), na(ci, ni), maleis ni2)t

i<n

associate each clause with the four variables/truth constants that occur in it, where
p1, P2, N1, ns are role names that do not occur in 7.

We further extend A, to enforce a truth value for each of the variables g;. To this end,
add to A, copies Ay, ..., A, of A, obtained by renaming individual names such that
Ind(A;) NInd(A;) = 0 whenever i # j. As a notational convention, let a; be the name
used for the individual name a; € Ind(Ay) in A; forall ¢ < m and j < k (note that a
comes from the ELIQ C;(a;) in the sequence fixed above). Intuitively, the copy A; of
A is used to generate a truth value for the variable ¢;, where we want to interpret ¢; as
true if the ELIQ Cj(af) is satisfied and as false if any of the ELIQs C}j(a}), 0 < j < k,
is satisfied. To actually relate each individual name ¢; to the associated ABox A;, we
use role names 7o, ..., ry that do not occur in 7. More specifically, we extend A, as
follows:



— link variables g¢; to the ABoxes A; by adding assertions r;(g;, aé—) for all © < m and
j < k; thus, truth of ¢; means that 3rq.Co(g;) is satisfied and falsity means that
3r;.C;(g;) is satisfied for some j with 0 < j < k;

— to ensure that 0 and 1 have the expected truth values, add a copy of Cj viewed as an
ABox with root 1’ and a copy of C viewed as an ABox with root 0'; add ro(1, 1)
and 1 (0,0").

Consider the query
qo = Je.(Ip1fF M Ipo.ff M Ing.tt M Ing.tt)

which describes the existence of a clause with only false literals and thus captures falsity
of ¢, where tt is an abbreviation for 3ry.Cy and ff an abbreviation for the £ LU{-concept
Iry.C1U- - -UT3rg.Cy. Tt is straightforward to show that  is unsatisfiable iff A, 7 = qo.
To obtain the desired UELIQ ¢, it remains to take ¢ and distribute disjunction to the
outside.

We now show how to improve the result from UELIQ-answering to ELIQ-answering.
Our aim is to change the encoding of falsity of a variable ¢; from satisfaction of 3r;.C1 U
<+« U 3rk.Ck(g;) to satisfaction of 3h.(Ir1.Cy M- -- M Irg.Ck)(gi), where h is an ad-
ditional role that does not occur in 7. We can then replace the concept ff in the query
qo with 3h.(Fr1.Cy M-+ - M Ir.Ck)(¢;), which directly gives us the desired ELIQ q.

It remains to modify A, to support the new encoding of falsity. The basic idea is
that each g; has k successors b, . . ., b, reachable via h such that for 1 < j < k,

= Irp.Cy(b}) is satisfied forall £ = 1,...,5 — 1,7+ 1,..., k and

. "1 7/ . .
— the assertion 7;(b%, a}) is in A,,.

Thus, (3r1.Cy M-+~ 1 3r.Cy) (b)) is satisfied iff Cj(a’) is satisfied, for all j with
1 < j < k. In detail, the modification of A, is as follows:

—forl < j < k, add to A, a copy of C; viewed as an ABox, where the root
individual name is d;;
— for all ¢ < m, replace the assertions 7 (g;, a;:), 1 < j < k, with the following:
o (g, bi),... h(g;,b}) foralli < m;
(] ’I”j(b;, a;’v), Tl(b;l-, d1>, cee ,’I"jfl(bé, djfl), ’I“j+1(b§v, dj+1), ces ,Tk(b;, dk) for all
i<mandl<j<k.

This finishes the modified construction. Again, it is not hard to prove correctness.

It remains to note that, when 7T is an ALCF-TBox, then the above construction of
q yields an ELQ instead of an ELIQ. a

A.3 Proof of Lemma 1

We show Lemma 1 for singleton sets V. The extension to arbitrary finite V' is straight-
forward. Thus, let Z be a concept name and z, z1 role names. Let

Tz ={TC32.T,TC 3.2}, H=Vz.Iz.mZ.



Lemma 13. For any ABox A and set I C Ind(A), one can construct a model T of
(Tz,A) such that

_— HI = I;
— for all models J of (Tz, A) there exists a homomorphism from T to J.

Thus, any such interpretation T is a minimal model of (Tz, A).

Proof. Assume A and I C Ind(.A) are given. Denote by 7, the interpretation based
on a binary tree in which every node has one zy-son and one z;-son, and every node
reachable with z; satisfies Z. More precisely, the domain A% of T, is the set of words
over {0,1}, (0,00) € z2* forall 0 € A®, (5,01) € 27" for all 0 € A%, and
7% = {01 | o € ATv}. Now, hook mutually disjoint copies of Zj, to each a € Ind(.A)
(i.e., we identify the root of the copy of Z;, with a”). The resulting interpretation, call it
Ty, satisfies Tz and H7° = (). To satisfy the condition HZ = I, we add for all a € I
and d with (a%,d) € 2% anew d’ to Iy with (d,d’) € 2T and d’ ¢ Z. Also, hook a
copy of Z, to d’. The resulting interpretation, Z, satisfies 7 and we have HZ = I. Now
let 7 be a model of (7, A). To construct a homomorphism f, we set f(a®) = a7 for
all a € Ind(A). Suppose d # a® for any a € Ind(A) and f(d’) has been defined for
the unique zq or z;-predecessor of d. If (d',d) € ZOI, by T C dz,.T, we find e with
(f(d),e) € 2. Set f(d) = e. (Observe thatd & Z21). If (d',d) € 2, by T C 32,.Z,
we find e € Z7 with (f(d'),e) € 7. Set f(d) = e. One can show that the resulting
function f is a homomorphism. a

A.4 Remarks on Theorem 4

The proof of Theorem 4 is straightforward, by using Lemma 1. It is of interest to find
out whether the reduction still works for TBoxes that are consistent w.r.t. any ABox.
We show that this is indeed the case.

Theorem 12. For every CSP(Z), T a X-interpretation, one can compute a materializ-
able ALC-TBox T containing a fresh concept name A ¢ X such that all ABoxes are
consistent w.r.t. T and the following are equivalent for all ABoxes A not containing A:

- (T, A) E Jv.A®);
— not Hom(A*, 7).

Moreover, on connected ABoxes the CQ answering problem w.r.t. ‘T is polynomially
reducible to the complement of CSP(Z).

Proof. Assume that CSP(Z) is given. Let V = A7 and assume, for simplicity, that
Y = {r}. We show that the TBox

T={H,N3rH,C A|v,wecV,(v,w)¢r}u
{HUITHwEA|v7wEV,v7éw}U{|E|/—\HvEA}U
{ACVr.A,3rAC AYUTy



is as required. Consider an ABox A. Let A4, ..., A, be the decomposition of A into
maximal connected components. Let I be the set of ¢ such that there is a homomorphism
h; from AZ-E toZ. Let, forv € V = AZ,

I, = |J {a€ind(A) | hi(a) = v}

1<i<n

By Lemma 1, we can take a minimal model 7 of Ty, with HvI = I, forv € V. Extend
J to model J' of (T, .A) by setting

AT = J{a® | a € Ind(A:)}.

il
It is readily checked that 7’ is a minimal model of (7,.4). (Since A is arbitrary, it
follows that all ABoxes are consistent w.r.t. 7 and that 7 is materializable.) It follows
that (7, A) = Jv.A(v) iff there is no homomorphism from A% to Z. This proves the
first claim.

We can also set
A =AU U{A(a) | a €Ind(A;)}.

i@l
Then, for any CQ ¢, we have (T, A) |= ¢ iff (Ty, A") = ¢, and the latter problem is in
PTIME. For a polynomial reduction for connected ABoxes, observe that for connected
A computing A’ reduces to checking not Hom(A*, 7). a

B Proofs for Section 2

In this section, we prove Theorem 1. Note that in the proofs of Theorems 2 and 3 we
did not use Theorem 1. Thus, we can (and will) employ them in the proof below. We
formulate Theorem 1 again.

Theorem 1 For all ALCFZ-TBoxes T, the following are equivalent:

1. CQ-answering w.r.t. 7 is in PTIME iff PEQ-answering w.r.t. 7 is in PTIME iff
ELIQ-answering w.r.t. 7 is in PTIME;

2. T is FO-rewritable for CQ iff it is FO-rewritable for PEQ iff it is FO-rewritable for
ELIQ.

We start the proof with the observation that the implications

- If PEQ-answering w.r.t. 7 is in PTIME, then CQ-answering w.r.t. 7 is in PTIME;
— If CQ answering w.r.t. 7 is in PTIME, then ELIQ-answering w.r.t. 7 is in PTIME;
If 7 is FO-rewritable for PEQ, then 7 is FO-rewritable for CQ;
If 7 is FO-rewritable for CQ, then 7 is FO-rewritable for ELIQ

are trivial, by the obvious inclusions between the sets of queries considered (we can
regard ELIQs as CQ). For the proofs of the other directions we can assume that T is
materializable: otherwise, by Theorems 2 and 3, ELIQ-answering w.r.t. 7 is coNP-hard
and the implications are trivial.

For materializable 7T, the implications



— If CQ-answering w.r.t. 7 is in PTIME, then PEQ-answering w.r.t. 7 is in PTIME;
— If 7 is FO-rewritable for CQ, then T is FO-rewritable for PEQ);

are trivial since the evaluation of a disjunction in an interpretation reduces to evaluating
all its disjuncts. Thus, it remains to show the following two implications:

1. If ELIQ answering w.r.t. 7 is in PTIME, then CQ-answering w.r.t. 7 is in PTIME;
2. If 7 is FO-rewritable for ELIQ, then 7 is FO-rewritable for CQ.

To show these implications, we introduce some notation and a lemma. For a sequence
r = ry---1, of roles, we set 3r.C = Jry.---3r,.C. In an interpretation Z, the
distance distz(dy, d2) between dy,dy € AT is the minimal n such that there are
di = eo,...,en =dyandroles r1, ..., 7, with (d;,d;i11) € rf,, fori < n.

Lemma 14. Let C' be an ELT concept and assume that (T, A) = Jv.C(v). If T
is materializable, then there exists a sequence of roles r = ri---ry of length n <
2CUTIHICD x 2| T||C| + 1 such that there exists a € Ind(A) with (T, A) = 3r.C(a).

Proof. (Sketch) Let Z be a minimal model of (7,.4). We may assume that Z is an un-
folded interpretation as described in the proof of Lemma 12. From (7, .A) = Jv.C(v),
we obtain CT # (). Choose d € C% and a € Ind(A) such that n := distz(d, a?) is
minimal. (We assume, for simplicity, that there is only one such d. The argument is
easily generalized.) Assume n > 2CUTIFICD x 2|T|C| 4 1.

Let a? = dy,...,d, = d and (d;,d;1) € riIH for i < n. Let sub(7T,C) denote
the closure under single negation of the set of subconcepts of concepts in 7 and C'. Set

tf(e) = {D € sub(T,C) | e € D*}.

Asn > 2CUTIHICD x |T|C| + 1, there exist d; and d;; with j > landi +j < n
such that

H(dy) =t (digj),  t5(dig1) = t5(digjq1),  Tis1 = ripjm

Now replace in Z the interpretation induced by the subtree generated by d;4 ;41 by
the interpretation induced by the subtree generated by d;; and denote the resulting
interpretation by 7. J is still a model of (7,.A). But now J [~ 3r.C(a). We have
derived a contradiction since aZ € (Ir.C)T and therefore, since Z is a minimal model

of (T, A), (T, A) E (Fr.C)(a). a

Let ¢(x) = Jy.o(x,y) beaCQ withx = x1,..., 2, and y = y1, . . ., Y. We regard
v as a set of atoms. A splitting S = (Y, ~, f) of gq(x) consists of a subset Y of y, an
equivalence relation ~ on Ind(¢) U2 UY and a mapping f

fi{uw|uelnd(@UauY} — 29\
(we denote by u... the equivalence class of u w.r.t. ~) such that

— forevery y € y \ Y there exists u with y € f(u~);
- f(u~) N f(ve) = 0 whenever u., # v.~.
- ifr(t,t') eporr(t',t) € pandt € f(u~), thent’ € uort’ € f(u~).



Let Ug denote the set of all equivalence classes w.r.t. ~. Thus, if (Y, ~, f) is a splitting
of g(x), we can form

— y consisting of all A(t) with ¢ € Ind(¢) U UY and all r(¢,t') with t,t' €
Ind(q) Uz UY;
— forevery u~, € Ug, ¢, consisting of all A(t) and r(¢,t') with ¢,t' € u~ U f(u~).

Intuitively, splittings describe potential assignments 7 for the variables in x,y in an
unfolded minimal model Z of (7,.4) in which

- all v € u., receive the same value 7(v) and this value is in Ind(A);
- all y € f(u~) receive values m(y) in the “anonymous” tree generated by 7(u).

Using Lemma 14 (for those y that are not reachable in ¢ from any member of Ind(.A) U
x U'Y) one can easily construct, for every u., € Ug a disjunction D,, = \/,.; C; of
ELT-concepts such that for all minimal models Z of some (7, .4) and all a € Ind(A)

(1.) implies (2.) and (2.) implies (3.), where

1. there exists an assignment 7 in Z with
- m(u) = 7(v') = ot forall v’ € u~
— m(z) in the anonymous subtree generated by a” for all z € f(u~)
- T Ex pu
2. aL e Dg;
3. there exists an assignment 7 in Z with
- m(u) = 7(v') = ot forall v’ € u~
-7 ):ﬂ' P -

For every splitting S = (Y, ~, f) of p(x), set

xs=ev A NN\ t=t)A /\ D

u~€Ug t,t'Eun u~€Ug

To prove the implication (2.), assume that 7 is FO-rewritable for ELIQ. By materializ-
ability, 7 is FO-rewritable for unions of ELIQs. For every u.. € Ug, let x, be a FOQ
with

Taxuld & (T, A) = Du(a).

for all @ € Ind(A). Let x§ be the FOQ resulting from x s by replacing every D, with
X« Then it is readily checked that

Tak \V Jyxslal & (T, A) Eqla)

S is a splitting of g ()
for all @ C Ind(A). Thus, 7 is FO-rewritable for CQ.

We come to implication (1.). Assume that ELIQ-answering w.r.t. 7 is in PTIME. By
materializability, unions of ELIQs can be answered w.r.t. 7 in PTIME. We can evaluate
a CQ ¢(x) in polynomial time as follows: to decide whether (7, A) = ¢(a) for a



given a C Ind(A), go through all splittings S = (Y, ~, f) of ¢(«) and all assignments
7(y) € Ind(A) for y € Y and check

Iakrov A N N\ (t=1)a]

u~€Ug t,t'Eun

and

(T A E A Dulr(w).

u~€Ug

If both hold for at least one pair .S, 7, then (7, A) |= ¢(a); otherwise (7 ,.A) - q(a).
Both conditions can be checked in polynomial time.

C Proofs for Section 4

C.1 Proof of Theorem 5

We prove Theorem 5. To this end, it is sufficient to show the Claims (a) and (b) for the
“type-model” Z based on the set of types S.

@ (T, A) | C(a) iff not Hom(Ag,), Z), where Ap(,) results from A by adding
P(a) to A and removing all other assertions using P from A;
(b) not Hom(A¥,Z) iff (T, A) = Jv.(P(v) A C(v)).

We start by proving (a).

“=7. Assume Hom(Af,(a),I). Let h : Ag(a) — Z be a witness homomorphism.
For each b € Ind(A), let Z;, be a copy of Z (with isomophism hy, : Z, — 7). Hook each
T, to Ap(q) by identifying b with 2(b). The resulting interpretation, H, is the disjoint
union of all Zy, b € Ind(A) together with (a,b) € r’* whenever r(a,b) € A*. Itis
readily checked that

= Ubeind(a) hw is @ X'\ {P}-bisimulation (two-way!) between H and 7.

Thus, for all subconcepts D of 7 and C and all b € ind(A): b € C™ iff h(b) € CT. We
obtain that A is a model of (7, .A). Moreover, a ¢ C™ since h(a) ¢ CT and the latter
follows because otherwise h(a) ¢ P and P(a) € Ap(,) which would contradict that
h is a homomorphism. Thus, (7, A) & C(a).

“«<”. Assume (7, A) = C(a). Take a witness interpretation 7. The type t(d)
of d € AT is the set of (negated) subconcepts D of C' and T such that d € DY . The
mapping h : a +— t(a” ), for a € Ind(A) is ahomomorphism from .A}%(a) to Z. We only

consider preservation of P. Assume P(b) € Ag(a). Then a = b. We have C ¢ t(a7).
Thus C & h(a). Hence h(a) € P~.
Consider (b). The proof is similar.

“<=”. Assume (7, A) = Jv.(P(v) A C(v)). Take a witness interpretation 7. The
type t(d) of d € AT is the set of (negated) subconcepts D of C and 7 such that



d € DY . The mapping h : a + t(a”), for a € Ind(A) is a homomorphism from A%
to Z. We only consider preservation of P. Assume P(b) € A*. Then, since (T ,A) [~
Jv.(P(v) A C(v)), C & t(b7). Then C & h(b). Hence h(a) € P~.

“=”. Assume Hom(A¥ 7). Let h : A*¥ — T be a witness homomorphism. For
each b € Ind(A), let Z,, be a copy of Z (with isomophism Ay, : Z, — 7). Hook each Z,,
to A by identifying b with h(b). The resulting interpretation, , is the disjoint union of
all Z,, b € Ind(A) together with (a,b) € r** whenever r(a,b) € A*. For all concepts
X that do not occur in 7 or C (including, in particular, P), we set Xt = {b € Ind(A) |
X (b) € A}. It is readily checked that

= Ubeind(a) hw is a X'\ {P}-bisimulation (two-way!) between 7 and 7.

Thus, for all subconcepts D of 7 and C and all b € Ind(A): b € C™ iff h(b) € CT.
Thus, H is a model of (7, .A). Moreover, P* N C™ = (): if d € P*, then d = b7 for
some b € Ind(A) with P(b) € A. Thus, h(b) € PZ. But then h(b) ¢ CZ. Therefore
b & C*M, as required.

It follows that (7, A) = Jv.(P(v) A C(v)), as required.

C.2 Horn- ALCFZ-TBoxes

Different versions of Horn-SHZ Q have been proposed in the literature, giving rise to
different versions of Horn-ALC FZ. The original and most general, but also rather tech-
nical definition was given in [12]. Applying some simple transformations, it is easy
to show that every Horn-ALCFZ-TBox according to [12] is equivalent to a Horn-
ALCFI-TBox of the form introduced below.? Our result that Horn-ALC FZ-TBoxes
are unraveling tolerant thus also applies to the original definition from [12].

A Horn-ALCFZ-TBox T consists of functionality assertions func(r), r a poten-

tially inverse role, and a single concept inclusion of the form T T C, where Cr is
built according to the topmost syntax rule in:

RR :=T|L|A|-~A|RNR |L— R|3rR|VrR
LL':=T|L|A|LNL |LUL | 3r.L

where 7 ranges over all roles, potentially inverse. Note that the concept C'7- is in nega-
tion normal form (NNF) and that concepts built according to L are £LZU | -concepts.
This version of Horn-ALCFZ is a strict generalization of the simplified form of Horn-
ALCFT used e.g. in [13].

Lemma 2. Every Horn-ALCFZ-TBox is unraveling tolerant.

Proof. Let T = {T C C7} be a Horn-ALCFZI-TBox and A a potentially infinite
ABox. We give a characterization of the entailment of ELIQs by 7 and A that is in the
spirit of the rule-based (sometimes also called consequence-driven) algorithms com-
monly used for Horn description logics such as ££++ and Horn-SHZQ, see e.g. [2,
13, 14]. In this characterization, we use extended ABoxes, i.e., finite sets of assertions

3 Although this is not important here, we note that even a polytime transformation is possible.



C(a) with C a potentially compound concept and r(a, b). For an extended ABox A’
and an assertion C'(a), C an ELTU | -concept, we write A’ - C(a) if A’ syntactically
entails C'(a), formally:

— A’ + T(a) is unconditionally true;

- A F L(a)if L(b) € A’ for some b € Ind(A);

- A+ A(a) if A(a) € A';

- AFCND(a)if A+ C(a)and A’ + D(a);

- AFCUD(a)if A+ C(a)or A"+ D(a);

- A+ 3r.C(a) if there is an 7(a, b) € A’ such that A’ - C(b).

We produce a sequence of extended ABoxes Ay, A1, ..., starting with 49 = AU
{T (a1)}. Intuitively, a is a representative for all individual names that do not occur
in A. In what follows, we use additional individual names of the form ar1C1 - - -, Cy
with a € Ind(Ap), r1,. .., roles that occur in 7, and C1,...,C) € sub(T). We
assume that N, contains such names as needed and use the symbol a also to refer to
individual names of this compound form. Each extended ABox .4, is obtained from
A; by applying the following rules:

R1 if a € Ind(A;), then add C'r(a).

R2 if C M D(a) € A;, then add C(a) and D(a);

R3 if C — D(a) € A;and T4 = C(a), then add D(a);

R4 if 3r.C(a) € A; and func(r) ¢ T, then add r(a, arC') and C(arC);

R5 if 3r.C(a) € A;, func(r) € T, and r(a, b) € A;, then add C(b);

R6 if 3r.C(a) € A;, func(r) € T, and there is no r(a,b) € A;, then add r(a, arC)
and C'(arC);

R7 if Vr.C(a) € A; and r(a,b) € A; (or v~ (b,a) € A;), then add C'(b).

Let A. = (U, Ai. Note that A, may be infinite even if A is finite, and that none
of the above rules is applicable in A.. In the following, we write A. F L instead of

A L(a).
Claim 1. For all ELIQs C'(a), we have

1. T,AE C(a)iff A - C(a) or A, + L;
2. T,AECl(a)iff A, + C(aT) or A. F L whenever a € N, \ Ind(A).

We only sketch the proof. For the “if” directions, the central observation is that for any
model Z of 7 and A, we can construct a homomorphism h from A, to Z, i.e., h is a
map from Ind(A.) to A such that the following conditions are satisfied:

(a) if C(a) € A,, then h;(a) € CT;
(b) if r(a,b) € A, then (h;(a), hi(b)) € rt.

More specifically, we inductively construct homomorphisms h; from 4; to Z, that sat-
isfy Conditions (a) and (b) above with A, replaced by A; and such that hg C hy C ---.
Then h = {J;> hi is the required homomorphism from A, to Z.

Let C'(a) be an ELIQ. If A, | L, the existence of a homomorphism & from .4, into
any model Z of T and A implies that .A is inconsistent w.r.t. 7, whence 7, A = C(a).



If A. = C(a), then preservation of ELIQs under homomorphisms also yields 7,4 =
C(a). For Point 2, assume A, |= C'(aT). We can construct the above homomorphisms
h such that h(aT) = a. Thus, we again obtain 7, A = C(a).

For the “only if” direction of Point 1, we have to show that if A, t/ C(a), where
C(a) is an ELIQ, and A, I/ L, then T, A & C(a) (and similarly for Point 2). Define
an interpretation Z as follows:

AT = Ind(A,)

AT ={a | Aa) € A} forall A € N¢

rt = {r(a,b) | r(a,b) € A.} forall 7 € Ng

af =a forall a € Ind(A)

at =at forall a € Ny \ Ind(A)

It can be shown that Z is a model of A, (thus .A) and 7. Moreover, it can be seen
that Z = D(b) iff A. B D(b) for all ELIQs D(b). Thus, Z [~ C(a), which yields
T, A F~ C(a) as required.

We now consider the application of the above construction to both the original ABox
A and its unraveling .A". Recall that individuals in A" are of the form agrgay - - - rp—1ay,

thus individuals in A¥ are of the form agroa; - - - rp—1a,51C1 - - - $xCk. Fora € Ind(A,)
and 8 € Ind(AY), we write o ~ 3 if

a = ap5101 -+ 5;,Ck and B = agroay - - -7 —10,51C1 - - - 5,C

for some ag, ..., an, 70, Tn—1,51,---,5k, C1, ..., Ck. This includes the case where
k = 0,i.e., the s,C1 - - - s;Cy component is empty in both « and /3. The following claim
can be shown by induction on i.

Claim 2. For all & € Ind(A4;) and § € Ind(AY) with o ~ /3, we have

1. A F C(a) iff A¥ = C(B) for all ELZ-concepts C,;
2. Cla) € A;iff C(B) € AY forall C € sub(T).

From Claims 1 and 2, we obtain that A and A" entail exactly the same ELIQs. It follows
that 7 is unraveling tolerant. a

C.3 Unraveling Tolerance

Lemma 3. Every unraveling-tolerant ALCFZ-TBox is materializable.

Proof. To show the contrapositive, assume that the ALCFZ-TBox T is not materializ-
able. By Theorem 2, 7 does not have the disjunction property. Thus, there is an ABox
Ay and ELIQs Cy(agp),...,Ck(ag) such that 7, A, = Cy(ag) V --- V Ck(ag), but
T, Ay = Ci(a;) for all ¢ < k. Let A; be C; viewed as a tree-shaped ABox with root



b;, for all ¢ < k. Assume w.l.0.g. that none of the ABoxes Ay, Ay, ..., Aj share any
individual names. Consider the ABox

A=Ay UAgU--UAp U{r(bbr),...,r(b,be)}
U (JAro(bs,00), - omioa by bya), rign (b b 1), (b, i)}
i<k
U {To(bo, ao), R ,T‘k(bk, ak)}

where b is a fresh individual name and r, 7, . . ., 7, do not occur in 7, and the ELIQ
q=3r.(3rg.CoM---MIrg.Cy).

The idea underlying this ABox and query is very similar to the second step in the proof
of Theorem 3, where UELIQs are replaced with ELIQs. It can be shown that 7, A |= ¢,
but 7, A, £~ q. a

Theorem 6. If an ALCFZ-TBox 7T is unraveling tolerant, then PEQ-answering w.r.t.
T is in PTIME.

To prove Theorem 6, let 7 = {T T C7} be an unraveling tolerant TBox, where
we assume w.l.o.g. that C'y is built from the constructors —, M, and 3r.C, only. By
Theorem 1, it suffices to show that ELIQ-answering w.r.t. 7 is in PTIME. Thus, let
q = Cp(ap) be an ELIQ. We use cl(T, ¢) to denote the set of subconcepts of 7 and ¢,
closed under single negation. For an interpretation Z and d € AZ, we use t%-’q(d) to
denote the set of concepts C' € cl(T,q) such that C € d*. A T,q-type is a subset
t C cl(T, q) such that for some model Z of T, we have ¢ = tIT’q(d). We use tp(7, q)
to denote the set of all T ,q-types. For ¢,¢ € tp(T,q) and r arole, we write ¢t ~-,. ¢’ if
the following conditions are satisfied:

- if C € t then 3r.C € t, forall Ir.C € cl(T, q);
- if C €tthen Ir—.C € t/, forall Ir—.C € cl(T,q);
- Ir.C etiff C € ¢/, forall Ir.C € cl(T, q) with func(r) € T.

A type assignment is a map Ind(A) — 2%(7-9) The PTIME algorithm for checking
whether 7, A = ¢ is based on the computation of a sequence of type assigments
70, 71, . .. as follows. For every a € Ind(A), mo(a) is the set of all types ¢ € tp(T, ¢q)
such that A(a) € A implies A € t. Then, m;+;(a) is defined as the set of all types
tq € m;(a) such that for all 7(a,b) € A, r arole name or the inverse thereof, there is a
type tp € 7;(b) such that t, ~>, .

Clearly, the sequence g, 71, ... will stabilize after at most O(|.A)| steps and can
be computed in time polynomial in |.A| (since |7| and thus |tp(7, ¢)| is a constant). Let
7 be the final type assignment in the sequence. The following yields Theorem 6.

Lemma 15. 7, A = q iff Cy € t forall t € mw(ap).

Proof. By unraveling tolerance, we have 7, A = ¢ iff T, A, = ¢. It thus suffices to
show that for all ¢ € tp(T,q), we have t € m(ao) iff there is a model Z of 7 and A,
with tp%- (af) = t.



“«<”. Let Z be a model of T and A, with tp7- (af) = t. It is not hard to show by

induction on 4 that for all i > 0 and all ag - - - ay, € Ind(A,), we have tZ(af) € m;(ax).
In particular, this implies that t% (ag) € 7(ag).

“=”. Lett € m(ag). We build a model Z of T and A,, such that tZ(aZ) = t, as follows.
First, construct a map A : Ind(A,) — tp(7, q) such that for all ag - - - ax € Ind(A,),
we have A(ag - - - a) € m(ay). Start with setting A(ag) = t. Then exhaustively apply
the following steps, where r is a role name:

— if Mag - - - ag,) is defined, r(ag,ax+1) € A, and A(ag - - - agragy1) is undefined,
then by the definition of the sequence 7o, 71, . . ., there is a type t’ € m(ag41) such
that A(ag - - - ag) ~ t'. Set AN(ag - - -ragy1) =t

— if A(ag - - - ag) is defined, r(ag+1, ax) € A, and M(ag - - - apr~ ag+1) is undefined,
then by the definition of the sequence g, 71, . . ., there is a type ¢’ € m(ag,1) such
that A(ag - - - ax) ~>,— t'. Set M(ag - - - agr~ag+1) =t

By definition of types, for each o € Ind(.A,,) we find a tree-shaped model Z,, of 7 and
Aand ad, € AT~ such that t;r“,q(da) = A(@). Assume w.l.0.g. that the domains of all

these models AZ« are disjoint. Define a new interpretation Z as follows:

(i) take the disjoint union of the models Z,, for all & € Ind(A,,);

(ii) whenever (d,,e) € 7%, func(r) € T, and there is an assertion r(a, 3) € A, then
remove the subtree rooted at e;

(i) forall r(a, B) € Ay, add (da, dg) to 17;
(iv) set ot = d,, forall o € Ind(A,).

We need to show that that 7 is a model of 7 and A,,, and that tZ(d,, ) = t. By definition
of 7y in the sequence 7y, 1, ... and Point (iii) in the definition of 7, Z is a model of
A. All functionality statements func(r) € T are satisfied:

Claim 1. If func(r) € T, then rZ is a partial function.

Proof of claim. Since A is a model of T and by the UNA, for each a € Ind(.A) there is
at most one b € Ind(A) with r(a,b) € A. By definition of the unraveled ABox A,, it
follows that for each o € Ind(.A,,) there is at most one 3 € Ind(A,) with r(«, 8) € A.
By Points (ii) and (iii) of the definition of Z and since each Z,, is a model of T, rTisa
partial function.

It thus remains to show that 7 satisfies all concept inclusions in 7 and that t£ (d,,,) =
t. Both is a consequence of the following.

Claim 2. For all C € cl(T, ¢) and @ € Ind(A,,), we have

1. d, € CTiff C € A(a)
2. de CTiffd € CT=, foralld € AT\ {d,}.

The proof is by induction on the structure of C. Details are left to the reader. 4



For the proof of Lemma 4, we need a preliminary. An ALCFZ-TBox T is infinitely
materializable if for all finite and infinite ABoxes A that is consistent w.r.t. T, there
is a minimal model of 7 and A, i.e., a model Z of 7 and A such that Z = q[a] iff
T, A = gla] for every ELIQ ¢(x) and all @ C Ind(.A). As for plain materializability, it
would be equivalent to define infinite materializability based on CQs or PEQs.

Lemma 16. An ALCFZ-TBox is materializable iff it is infinitely materializable.

This lemma follows from the observation that the proof of “3 = 4” of Theorem 2 goes
through also for infinite ABoxes without modification.

Lemma 4. Every materializable ALCFZ-TBox of depth one is unraveling tolerant.

Proof. Let 7 be a materializable TBox of depth one, A an ABox, and ¢ = Cy(ag) an
ELIQ with A, T £ g. The latter implies that A, is consistent w.r.t. 7. Thus and since
T is infinitely materializable, there is a minimal model Z for A,, and 7, and we have
7 = q. We may w.l.o.g. assume that Z has forest-shape, i.e., that Z can be obtained by
first taking the disjoint union of tree-shaped models, one for each o € Ind(A,) with
root o, and then adding role edges (aZ, 3%) to rT whenever r(a, 3) € A,. We may
also assume w.1.0.g. that a” = o for all & € Ind(A,).

__ We show how to construct a model 7 of T and the original ABox .4 such that
T |~ q. For a € Ind(A), let Z|, denote the tree model in Z that is rooted at a (note that

a € Ind(A,,)). Construct Z as follows:

— take the disjoint union of the tree interpretations Z|,, for each a € Ind(A);
- seta” = aforall a € Ind(A);
— add the edge (a, b) to 7% whenever r(a, b) € A.

For every d € AT letT |[1, denote the /-neighborhood of d in Z, i.e., the restriction of 7
to the domain

{dyU{e] (d,e) € r* for some r € Ng} U {e | (e,d) € r* for some r € Ng}.
The following is a central property of 7:
Claim 1. For every d € AZ, we have that d in Z|} is bisimilar to d in Z|},.
This is trivial for all d € AZ with d ¢ Ind(A). Thus, let d = a € Ind(.A). Then a
bisimulation ~ C AZli 5 AZL can be defined as follows:

- an~a,
_ife e ATl \ Ind(A), then e ~ ¢;
— if b € AZli N Ind(A) and b # a, then b ~ arb for all roles r with r(a, b) € A.

This finishes the proof of Claim 1.

Since 7 is a model of 7 and all concept assertions in 7" are of depth one, we obtain
by Claim 1 that 7 satisfies all concept assertions in 7. By construction, 7 satisfies all
role assertions in .A. By construction of .4, and Claim 1, 7 also satisfies all concept
assertions of A. Let func(r) € T. We show that each d € AZ has at most one 7-
successor in Z. Distinguish two cases:



— d ¢ Ind(.A). Then d has at most one r-successor since Z satisfied func(r) and by
construction of Z.

—d = a € Ind(A). Since A, is consistent w.r.t. T, there is at most one 8 with
r(a,B) € A,. By definition of A, this implies that there is at most one b with
r(a,b) € A. Moreover, if there is a b with r(a,b) € A, then there is a 3 with
r(a,B) € A,. Together with the construction of 7, these observations imply that d
has at most one r-successor in Z.

Next, we show that Z = ¢ = Cy(ao). Assume to the contrary that there is a match 7
of ¢inZ, i.e., a mapping 7 : term(q) — A such that m(ag) = ag, A(t) € g implies
7(t) € AZ, and r(t,t') € q implies (7 (t), 7 (t")) € rZ 4 We prove that this implies the
existence of a match 7’ for ¢ in Z, which yields a contradiction to Z [~ q. First, we need
the following claim.

Claim 2. For all o, 8 € Ind(A,,) with tail(«) = tail(8) and all £LZ-concepts C, we
have a € CT iff B € C7.

Assume to the contrary that « € CZ and 8 ¢ CZ. By construction of A, and since
tail(a) = tail(3), we find an ABox-isomorphism ¢ : Ind(A,) — Ind(A,) with ¢(a) =
B, i.e., ¢ satisfies the following properties:

- if A(y) € Ay, then A(()) € Ay
- ifr(y,7') € Ay, thenr(e(7), (7)) € A,.

Define a new interpretation Z' as Z, but put 42 = ()% for all € Ind(A,). Clearly,
T’ is a model of both A, and T It follows that A,,, 7 = C(«). This is a contradiction
since Z is a minimal model with Z = C(«), implying A, T = C(«), which finishes
the proof of the claim.

We start the construction of the match 7’ of ¢ in Z as follows:

— start with setting 7' (ag) = ao;
- if 7'(z) = «a for some « € Ind(A,), 7(z,y) € ¢, and 7(y) = b € Ind(A), then set
7' (y) = arb.

It thus remains to define 7’(x) for all variables x in ¢ such that 7(z) # a for all a €
Ind(.A). To this end, consider a ¢ € terms(q) with 7’(¢) already defined. Then 7 (t) = a
for some a € Ind(A) and 7’'(t) = « for some « € Ind(A,) with tail(a) = a. Let V
be the variables in ¢ such that 7(v) is an element of 7 |, the restriction of 7 to the tree
rooted at a. Moreover, let J be the smallest subtree interpretation of 7 | that contains
7(v) for all v € V. Since J is a finite tree interpretation, there is an ££Z-concept C 7
that is satisfied at the root a of J and such that 7 is homomorphically embeddable into
any model of C 7. By construction of Z and of C7, we have Z = C 7(a). By Claim 1,
this yields Z = C7(«). Thus, there is a homomorphism A that embeds 7 into Z such
that h(a) = «. To define the match 7’ for the variables in V, compose 7 with h. It can
be verified that, by applying this construction for all a € Ind(.A), we ontain a match 7’
for ginZ. a

* Here, we view ¢ as a tree-shaped CQ whose root is the individual name a and whose non-root
nodes are all variables.



D Proofs for Section 5

D.1 FO-rewritability and Locality

In this section, we prove basic results about FO-rewritability. The main result is Theo-
rem 14 in which we characterize, for unraveling tolerant ALCFZ-TBoxes and ELZ | -
concepts C' when there exists an FO-formula ¢ () such that (7,.A4) = C(a) iff
T4 = pclal, for all ABoxes A and a € Ind(A).

Definition 6. Let T be a ALCFZ-TBox, X a signature, and C na ELT | -concept. Then
C'is called FO-rewritable w.r.t. T and X iff there exists an FO-formula pc(x) such that

(T, A ECla) < Zalycld,
for all X2-Aboxes A.

To characterize FO-rewritability, we require the following notions. A pointed interpre-
tation is a pair consisting of an interpretation Z and some d € AZ. We identify finite
pointed interpretations with pairs (A, a) consisting of an ABox A and a distinguished
individual name a. The n-neighbourhood I} of d in an interpretation Z is the relativiza-
tion of 7 to the set

{d' € A | distz(d,d’) < n}.

A class K of pointed interpretations (Z, d) is n-local if (27}, d) € K whenever (Z, d) €
KC. Classes definable by modal logic formulas or, equivalently, ALC-concepts are known
to be n-local for some n > 0.

We are interested in the following classes of pointed interpretations. For an ALCFZ-
TBox T, signature X, and £LZ-concept C let

Ker.s={(Aa)| (T,A) E C(a), Aa X-ABox}

Call a class K of pointed X-ABoxes FO-definable iff there exists an FO-formula ()
such that
K={(Aa)|ZskE ¢la], AaX-ABox}.

Clearly, K¢ 7,5 if FO-definable iff C' is FO-rewritable w.r.t. 7 and Y. For simplicity,
in what follows we mostly consider classes 4 7 5, where A is an atomic concept.
Clearly, K¢, 1 5 if FO-definable if K4 7 x with 7" = T U {A = C'} is FO-definable.
In contrast to modal logic, even if K 4 7 5 is FO-definable, it is no necessarily n-local
for any n.

Example2. Let T = {A T T,B C L} and X = {4, B}. Ka,7 5 is defined by
pa(z) = A(z) vV Iy.B(y). Note that (A, a) € K4 7,5 for A = {T(a), B(b)} because
A is not consistent w.r.t. 7. However, A? = {T(a)} for all n > 0 and so A} ¢
Ka, 7,5, forany n > 0. Thus, K 4 7,5 is not n-local, for any n > 0.

It turns out that, in some sense, inconsistency is the only reason for not being n-local for

any n for FO-definable classes of the form K 4 7 . We now make this claim precise.
A class K of pointed interpretations (Z, d) is weakly n-local if whenever (Z, d) € K,

then (U:e Az L}, d) € I, where U:e Az L' denotes the disjoint union of all Z* with



e € AL, K is monotone if it is closed under expansions: if (Z,d) € K and T’ is an
interpretation with A7 D AT and X7 D XZ forall X € X, then (Z/,d) € K. K
reflects disjoint copies if whenever (Z,d) € K and Z is the disjoint union of isomorphic
copies Zo, - - - , I, then (Zy, d) € K for the (unique) Zy with d € AZo,

Lemma 17. If a FO-definable class of pointed interpreations is monotone and reflects
disjoint copies, then it is weakly n-local, for some n > 0. More precisely, if K is FO-
definable using an FO-formula of quantifier depth q, then K is weakly n-local, for
n=27—-1.

Proof. Assume (Z,d) € K and (x) defines K. Let (Jo, d) be the disjoint union of
(Z,d) and q copies of U:eAI . Let (J1,d) be the disjoint union of (U:EAI ", d)
and ¢ additional copies of U:e Az L. One can show, using Ehrenfeucht-Fraisse games
with ¢ rounds, that 7y |= wa[d] iff J1 |= pa[d]: A winning strategy for the duplicator
is to keep in round m the distance 29~ "": if the spoiler’s move (say, e) in round m
is within distance 297" to a pebbled element, then the duplicator plays according to
the “local” isomorphism for all d’s within the neighbourhood Z2*~ ™. Otherwise, the
duplicator responds within a new isomorphic copy.

By monotonicity, we have (Jp,d) € K. Thus we obtain (J1,d) € K. Since K
reflects disjoint copies, we obtain that (Uj6 Az I, d) € K, as required. 0

Theorem 13. Let A be an atomic concept. If A is FO-rewritable w.r.t. T and X, then
Ka,1 5 it is weakly n-local, for some n > 0.

Proof. Follows from Lemma 17 and the observation that K4 7 x is monotone and re-
flects disjoint copies. 0

The converse of Theorem 13 can be proved for unraveling tolerant TBoxes. An
interpretation Z is a tree interpretation if (AT, , ,.7F) is a symmetric (possibly
infinite) tree and X N sZ = () for all distinct roles r and s. Observe that the unraveling
A, of an ABox A is the disjoint union of tree interpretations. An interpretation Z is
n-generated by d if I} = I. A tree interpretation Z with root p has depth n if it
is n-generated by p. We define the notion of a tree interpretation of depth n without
redundancies by induction: A tree interpretation of depth n + 1 has no redundancies if
for any two sons dy, do of its root p with (p, d;) € rZ fori = 1,2, the subinterpretation
Z4, and Z4, are not isomorphic and do not have redundancies. Clearly, the number of
tree interpretations of depth n without redundancies is finite, up to isomorphisms.

Theorem 14. Assume T is an unraveling tolerant ALCFZL-TBox, X a signature, and
A an atomic concept. Then the following conditions are equivalent:

— Ais FO-rewritable w.rt. T and X;
- Ka, 1,5 is weakly n-local for some n > 0.

Proof. (sketch) Let IC 4 7 5 be weakly n-local for some n > 0. Let C4 be the finite set
of X-tree-interpretations with root p and of depth n without redundancies such that Z |=
Alp]. We can define the class of all (A, a) with A a X-ABoxes and « a distinguished
element whose unraveling contains some (Z,d) € C4 as a subinterpretation using an
FO-formula ¢ 4 (). Determine the formula ¢ | in the same way. Now ¢ 4 (z)V3zg, ()
is as required. (N



D.2 Proofs of Lemma 5 and Theorem 8 (Part 1)

Lemma 5 A materializable ALCFZ-TBox of depth one is FO-rewritable for CQs iff
all atomic concepts are FO-rewritable w.r.t. 7 and sig(7).

Proof. We prove the direction from right to left. Assume that all atomic concepts are
FO-rewritable w.r.t. 7 and sig(7T). It is sufficient to show that T is FO-rewritable for
ELIQs. Consider an £L£Z-concept C. Take FO-formulas ¢ 4 (x) for A € sig(T) U {L}
such that (7, A) = A(a) iff Z4 = pa(a), for all X-ABoxes A and a € Ind(A).

For every subconcept D of C' we construct an FO-formula ¢ (x) such that

(T7 “4) ): D(b) < (T, -A) 'Z LPD[b]a

for all X-ABoxes A and b € Ind(.A). If D is a concept name A from 7 or A = L, we
can take the formula ¢ 4 (x) from above. Otherwise we set p4(x) = A(z) V ¢ (z). If
D = Dy M Dy, then we can take ¢ p, () A ¢p,(x). Now assume D = Ir.D. Let = be
the set of sig(7) Usig(C)-NH ABoxes A, f such that (T,.A) = 3r.Dy(f). Replace in
any A” € =, any assertion B(y) by ¢ (y) and denote the result by AE,. Then we set

ep(x) = Gyr(zy) Aep, ) v\ 3z )\ Ako
(A.f)es

Using the condition that 7 has depth one, one can show that ¢ (a) is as required.
a

Lemma 18. For every ALCZ-TBox T, signature X, and ELT | -concept C: C'is FO-
rewritable w.r.t. T and X iff, for the interpretation T constructed in the proof of Theo-
rem 5, the class

Homyx p(Z) = {A| Aa X U{P}-ABox, Hom(A,7)}
is FO-definable.

Proof. Let ¢ be an FO-sentence defining Hom s, p(Z). Recall that we have (7, .A)
C(a) iff not Hom(Ap(,),Z), where Ap(q,) results from A by adding P(a) to A and
removing all other assertions using P from A. Thus (7, A)  C(a) iff Ap,) = —e.
The latter conndition holds iff A = —¢[P/a], where ¢[P/a] denotes the result of
replacing every occurrence of P(z) by z = a. Thus,

Al —plP/d < (T, A C(a)

and we have shown FO-rewritability of C' w.r.t. 7 and X.
Conversely, assume that

AlEycla) < (T,A) [ Cla)

holds for all X¥-ABoxes A and a € Ind(A). We have not Hom(A,7) iff (T, A) =
Fu.(P(v) A C(v)), for all X U {P}-ABoxes .A. Thus —3v.(P(v) A ¢c(v)) defines
H0m27P(I). a



We can now prove the first part of Theorem 8.

Theorem 8 (Part 1) FO-rewritability for CQs is decidable in NEXPTIME, for the class
of materializable ALCZ-TBoxes of depth one.

Proof. By Lemma 5, it is sufficient to show that FO-rewritability of atomic concepts
with respect to 7 and sig(7) is in NEXPTIME. By [16], FO-definability of {Z’ |
Hom(Z’,Z)} is decidable in NP. By Lemma 18, we obtain a NEXPTIME upper bound
since the templates Z can be constructed in exponential time. [

D.3 Proof of Lemma 6, Lemma 7 and Theorem 9 (Part 1)

We formulate Lemma 6 again.

Lemma 6 For every materializable ALCFZ-TBox T of depth one, every A € sig(T),
every ABox A, and every a € Ind(A), (7, A) = A(a) iff A(a) € II?(A). L(a) €
II¥ (A) iff A is not consistent w.r.t. 7.

Proof. Clearly, the program II7 is sound in the sense that A(a) € II°(.A) implies
(T, A) = A(a) and L(a) € I (A) implies that A is not consistent w.r.t. 7.

Now assume that A(ag) & 115°(A) for some ag € Ind(A) and A € X' = sig(T).
(The case A = L is considered similarly and left to the reader.) Define A’ = AU
II%° (A). For every a € Ind(A’), let A, be the (unique up to renaming) maximal X’ NH
with distinguished individual name a such that there is an assignment 7 into Z 4, with
m(x,) = aand Ty =, AZ. (Equivalently, there in a homomorphism f, : Za, — Za
with f(a) = a.) Observe that there does not exist any a € Ind(.A) such that A, is not
consistent w.r.t. 7 otherwise, by the definition of 115°, 1 (a) € I15°(.A) and, therefore,
Alag) € II5°(A); so we have derived a contradiction. The following three properties
of A, are readily checked:

1. (T, A,) = B(e) iff B(e) € A,, forall e € Ind(A,) and all B € X,

2. Forevery b € Ind(A) with r(a, b) € A for some role r, there exists an e € Ind(A,)
and an assignment 7 with 7(z,) = a and (x.) = b such that A" =, Ay;

3. For every ELTF-concept C, every e € Ind(A,) and every assignment 7 such that

A= A, with t(z,) = a: (T, As) = C(e) implies (T, .A) = C(n(x.)).

For every a € Ind(.A) we can take a minimal interpretation Z, of (7,.4,). By Point 1,
we have e« € BZa iff B(e) € A, forall B € ¥ and e € Ind(A,). We can assume
that Z,, is an unfolded interpretation as constructed in the proof of Lemma 12. Define
an interpretation Z satisfying A’ by hooking to every a € Ind(A) the “anonymous tree”
T/ generated by a in Z,.

We show that Z is a model of 7. Suppose that C' C D € T is refuted in Z. Since
T has depth one, there exists a € Ind(A) such that a” € C7 and a* ¢ DZ. We show
that C' C D is refuted in Z, and, thus, derive a contradiction. It is sufficient to show
that a” € C%« and a* ¢ D”*+. But a ¢ D%« follows from Point 3 and a € CZ= follows
from the condition that C' has depth one and Points 1 and 2. 4



We now prove the following extended version of Lemma 7.

Lemma 19. Let T be a materializable ALCFZ-TBox of depth one, Y. a signature, and
A an atomic concept. Then the following conditions are equivalent:

— Ais FO-rewritable w.r.t. T and X;
- Ka,1,5 is weakly n-local for some n. > 0;
— Ais bounded in I for 3-ABoxes.

Proof. (3) implies (1). Assume A is bounded in /7 for X-ABoxes. Take k£ > 0 such
that A(a) € ITK(A) iff A(a) € II5°(A) for all X-ABoxes A. From II%, one can
directly construct a FO-formula ¢ 4 () such that A(a) € IT5(A) iff A = ¢ ]a] for all
X-ABoxes A. By Lemma 6, we obtain (7, A) = A(a) iff A |= v 4la), as required.

(1) implies (2). This is Theorem 13.

(2) implies (3). Assume K4 7,5 is weakly n-local. By unraveling tolerance, it is
sufficient to show that there exists a & > 1 such that for every X-tree ABox (A, a)
of depth at most n: A(a) € II5°(A) iff A(a) € IT5(A). But this is trivial since it is
sufficient to consider the finite set of ABoxes (A, a) without redundancies. a

The boundedness problem for A in I7 for X-ABoxes can easily be translated into a
boundedness problem for monadic least fixed points based on FO over trees in the sense
investigated in [18]. Thus we obtain from [18]:

Theorem 15. For T a unfolding tolerant (equivalently, materializable) ALCFI-TBox
of depth one, X a signature, and A an atomic concept, boundedness of A in I+ for
Y-ABoxes is decidable.

The first part of Theorem 9 now follows from Lemma 19 and Lemma 5.

Theorem 9 (Part 1) FO-rewritability for CQs is decidable, for the class of materializ-
able ALCFZ-TBoxes of depth one.

D4 Horn-ALCFT

In this section we prove the claims about Horn-TBoxes in Theorems 8 and 9. In fact, the
conditions we require to prove decidability (and decidability in NEXPTIME) are much
less restrictive than those given in the theorems.

To begin with, observe that for a Horn-ALCFZ-TBox T and ABox A that is consis-
tent w.r.t. 7 the interpretation Z corresponding to A, as constructed above is a minimal
model of 7. In what follows we call it the canonical minimal model of (T, A) and de-
note it by Z7 4. Recall that its domain consists of sequences of the form ar,C; - - - r,Cy,
with a € Ind(A), r1,. .., roles that occur in 7, and C1, ..., Cy € sub(T).

Recall that a Horn-ALC FZ-TBox has the form 7 = {T T C7} U F, where F is a
set of functionality assertions and C'r- is built according to the topmost syntax rule in:

RR :=T|L|A|-~A|RNR |L— R|3r.R|Vr.R
LL':=T|L|A|LNL |LUL |3rL



Assume a Horn-ALCFZ TBox T = {T C C'r} UF is given. We transform 7 into
another Horn-ALCFZ-TBox T of depth one such that, under certain conditions, 7T is
FO-rewritable for CQ iff all atomic concepts are FO-rewritable w.r.t. 7' and sig(7T)-
ABoxes. The right-role-depth d(R) of a concept R is defined as follows:

d(T)=d(L) =0
d(A) = d(~4) = 0
d(RM R') = max{d(R),d(R')}
d(L — R) = d(R)
d(3r.R) = d(R) + 1
d(¥r.R) = d(R) + 1

In what follows, we assume that C'r- satisfies the following condition:

— every concept L in T has role depth one;
— every L in 7 that occurs within the scope of 3r or Vr within a subconcept R of C1
is a concept name.

One can easily transform C'y into such a concept and preserve FO-rewritability for
CQ by introducing abbreviations A = L. We define a new concept C'}- by applying,
recursively, the following rule () to an outermost occurrence of R in C'y, where R has
the form Op r.R’, Op € {3, V} such that R’ has right-role depth at least one:

(x) Replace Op r.R’' by Op r.F, where E is a fresh concept name, and add F — R’ as
a conjunct to C'r.

We sometimes denote the fresh concept E replacing R by Er. Observe that C%— has
right-role-depth one and is still a Horn-ALCFZ-TBox. Note that C7- is of polynomial
size. We set 7' = {T C C3} U F. The following lemma is be checked by close
inspection of the construction of A..

Lemma 20. For every sig(T)-ABox A:

1. Ais consistent w.r.t. T iff A is consistent w.r.t. T*;
2. There is bijection f : ATT- 4 — ATTY .4 with
- f(a) = a, forall a € Ind(A);
—de AT A jff f(d) € AT, forall d € A4 and A € sig(T);
- (d,d") € rImAiff (f(d), f(d) € rEm 4 for all d,d’" € A4 and A €
sig(T);
3. for every CQ q not containing fresh concepts:

T, Al=qla) = THAE(qa).

Say that 7 = {T C C7} U F contains a return point if there exists a subconcept
R = 3r.R’ of Cr such that func(r) ¢ F and R’ has a subconcept Vr—.R"” with R of
right-role-depth at least one which is not within the scope of any 3s or Vs in R’. Note
that if 7 is a Horn-ALCF-TBox or has role depth at most two, then 7 contains no
return point.



Lemma 21. Let T be a Horn-ALCFZI-TBoxes that has no return point. Then T is
FO-rewritable for CQ iff every atomic concept is FO-rewritable w.r.t. T* and sig(T).

Proof. Assume 7 = {T C Cr} UF, where F is a set of functionality assertions.
Assume first that every atomic concept is FO-rewritable w.r.t. 7' and sig(7). Re-

call that 7! is materializable and has role depth one. Then a straighforward extension

of Lemma 5 (to ABoxes of a fixed signature) shows that all CQs are FO-rewritable

w.r.t. 71 and sig(7)-ABoxes. By Point 3 of Lemma 20, 7 is FO-rewritable for CQ.
For the converse direction, assume that 7~ is FO-rewritable.

Claim 1. For any fresh Er with R not in the scope of any 3r with r ¢ func(r) there
exists a £LZ-concept C' such that for every sig(7)-ABox A:

T
ERTl,A _ CITl’A~

The proof is by induction: we consider the first step, the induction step is similar and
left to the reader. Assume R is replaced by E in the situation described in the claim.
There are Ry, ..., R,,+1 such that R,,, 1 is a conjunct of C'r and

Ry = (Lo = Ro), Rju1=(L; — (R;NRY),

for1 < j <mand (i) Ry = Vr.Ror (ii) Ry = 3r.R and func(r) € F. In both cases,
set
C = E'T'i.(LO [LEERRN Lm+1).

It is readily checked that EJ‘,I;,/T1 A = %714, as required.

It follows from Claim 1, Lemma 20, and the condition that 7 is FO-rewritable for
CQ (and hence for ELIQ) that every fresh F'r with R not in the scope of any Jr with
r & func(r) is FO-rewritable w.r.t. 7! and sig(7 )-ABoxes. Now, since 7 has no return
point, it is readily checked that for any fresh Er with R within the scope of some Jr,
func(r) ¢ F, we have EZ7*.4 N Ind(A) = (). Thus, any such E is FO-rewritable
w.r.t. 7! and sig(7)-ABoxes.

We have shown that all fresh Er are FO-rewritable w.r.t. 7' and sig(7)-ABoxes.
By Lemma 20, all atomic concepts in sig(7) are FO-rewritable w.r.t. 7' and sig(7)-
Aboxes. Thus all atomic concepts are FO-rewritable w.r.t. 7' and sig(7)-ABoxes, as
required. A

Observe that no Horn-ALCF-TBox nor Horn-ALCFZ-TBox of depth two have
a return point. Thus, we obtain the claims about Horn-TBoxes in Theorems 8 and 9
from Lemma 21 and the fact that for materializable ALC FZ-TBoxes (ALCZ-TBoxes)
of depth 1, one can decide (in NEXPTIME) FO-rewritability of atomic concepts for
X’-ABoxes, where X' is an arbitrary signature.

E Proofs for Section 6

To formulate the result for FO-rewritability, we introduce a slightly modified version of
FO-rewritability that takes into account only those ABoxes that are consistent w.r.t. the
TBox.



Definition 7. Let T be a ALCFZI-TBox. Let Q € {CQ,PEQ,ELIQ,ELQ}. We say
that T is FO-rewritable for Q for consistent ABoxes iff for every q(x) € Q one can
effectively construct a FOQ ¢’ (x) such that for every ABox A that is consistent w.r.t. T,

certr(q,A) ={a | Zs = q'(a)}.

Using similar modifications of Definition 1, one can define the obvious notions of Q-
answering w.r.t. 7 being in PTIME for consistent ABoxes and Q-answering w.r.t. 7
being coNP-hard for consistent ABoxes. Theorem 1 still holds for these modified no-
tions. For simplicity, we state the following result for CQs only.

We first prove an extended version of the undecidability result (Theorem 11) and
then modify the TBoxes constructed in its proof to show the non-dichomy result (The-
orem 10). The modified version of Theorem 11 is as follows:

Theorem 16. For ALCF-TBoxes T, the following problems are undecidable (Points 1
and 2 are subject to the side condition that PTIME # NP):

1. CQ-answering w.r.t. T is in PTIME (with and w/o restriction to consistent ABoxes);
2. CQanswering w.r.t. T is coNP-hard; (with and w/o restriction to consistent ABoxes);
3. T is materializable;

4. T is FO-rewritable for CQ for consistent ABoxes;

The proofs employ TBoxes that have been introduced in [1] to prove the undecidability
of the following emptiness problem: given an ALCF-TBox T, a signature X with X' C
sig(T) and a concept name A, does there exist a X-ABox A such that A is consistent
w.rt. T and (7, .A) = Jv.A(v)? Note that this problem is of interest only for A ¢ X
because otherwise one could clearly take the ABox {A(a)}.

We start by defining the TBoxes 7Ty constructed in [1]. An instance of the finite
rectangle tiling problem (FRTP) is given by a triple 3 = (¥, H, V) with T a non-empty,
finite set of tile types including an initial tile Tj.;; to be placed on the lower left corner
and a final tile Tkna to be placed on the upper right corner, H C T x ¥ a horizontal
matching relation, and V- C ¥ x T a vertical matching relation. A tiling for (T, H,V') is
amap f : {0,...,n}x{0,...,m} — Tsuchthatn,m > 0, f(0,0) = Tinir, f(n,m) =
Tinat, (f(i,7), f(i+1,5)) € Hforalli < n,and (f(¢,7), f(¢,7+1)) € vforalli < m.
It is undecidable whether an instance 13 of the FRTP has a tiling. For simplicity, in the
following we fix a set ¥ = {T4,...,T,} of tile types and consider instances of the
FRTP over T only. It is easy to see that the tiling problem is still undecidable if ¥ is
sufficiently large.

Nowlet ¥ = {T1,...,T,,x,y,x~,y~ } be asignature consisting of aset 77, ..., T}
of concept names (identical to the tile types) and role names z, y, z—, and y~— (we are
not assuming that x~ and y~ are interpreted as the inverse of xand y, respectively). In
[1], with any P = (¥, H, V) one associates the ALCF-TBox Ty containing

F = {func(z), func(y), func(z™), func(y™)}
and CIs using additional concept names U, R, L, D, A,Y,1,,1,,C,Z.1, Z.2, Zy 1,

Zz2, Zy,1. v and y are used to build the rectangle. U and R mark the upper and right
border of the rectangle. L and D (for “down”) mark the left and lower border of the



rectangle. In the following, for e € {c, z,y}, we let B, range over all Boolean combi-
nations of the concept names Z, ; and Z », i.e., over all concepts Ly I Ly where L;
is a literal over Z. ;, for ¢ € {1,2}. The TBox Ty is defined as the union of F and the
following CIs, where (T;,T;) € H and (T;,T;) € V:

Thina TYTIUNMR
Je(UNYNT)NIL,AT, CUNY
Jy.(ROY NT)NI,NT; C ROY

J.(T; MY N3yY)
N3y (T, MY N3zY)
NL,NIL,NCAT,CY
YNTiwEA

B, N3dx.dx~ B, C I,
B, M3y.dy~.B, C I,
dx.y.B. N 3Jy.3x.B. C C

ULCVy. L
RCVx.L
UCVz.U
RCVy.R
L 7.nT,C L
1<s<t<p
DCVy .1
LCVx . L
D CVx.DnNVa—.D
LCVy.LNVy~.L
YNTwEDNOL

We note that the final five inclusions (and the concept names L and D) are not used in
[1]. We use them here to fix the left and lower border of the rectangle. Those inclusions
are not required in the present proof, but are used in the non-dichotomy proof below.

Call an ABox A a 3-ABox (with initial node «) iff there is a tiling f for P with
domain {0,...,n} x {0,...,m} and a bijection fy : {0,...,n} x {0,...,m} —
Ind(A) with fi3(0,0) = a such that

- Tinit(f(0,0)) € A;

= Thinal(fp(n,m)) € A;

Ti(fp(k, j)) € At T; = f(k,j5);

x(b1,ba) € Aiff 7 (b2, b1) € Aiff (b1, b2) = (fp(k, ), fp(k +1,7))
— y(b1,b2) € Aiff y~ (ba, b1) € Aiff (b1, ba) = (fp(k,j), fp(k,j + 1))

The following is shown in [1] (the proof is easily extended to cover the additional
concepts for the lower and left border):

Lemma 22. For every X-ABox A that is consistent w.r.t. Ty, the following conditions
are equivalent:

— (Ta, A) | 0. A(v);



- A = Ay U A, for a’B-ABox Ag and a, possibly empty, ABox Ay with Ind(Ap) N
Ind(A;) = 0.

Observe that the concept name A used in the CQ occurs only once in the TBox, on
the right-hand side of a CI. The CI for C' enforces confluence, i.e., C' is entailed at an
individual name « if there is an individual b that is both an z-y-successor and a y-x-
successor of a. This is so because, intuitively, B, is universally quantified: if confluence
fails, we can interpret Z, ; and Z. 5 in a way such that neither of the two conjuncts in
the precondition of the CI for C'is satisfied. In a similar manner, the CI for I, (resp. I,))
is used to ensure that =~ (resp. y~) acts as the inverse of x (resp. y) at all points in the
rectangle, which means that x (resp. y) is inverse functional within the rectangle. The
following characterization of tilings follows directly from Lemma 22.

Lemma 23. P admits a tiling iff there is a X-ABox A that is consistent with Ty and
such that Ty, A = Jv.A(v).

Set X = sig(7y) \ 2. To construct the TBoxes we use for the reduction, replace within
the TBoxes Ts all B € X' by the concepts Hp = Vrp.dsp.—Zp and add

Tz = {T Cdrp. T, T CEdsp.Zp ‘ B e f}

to Tyz. Also, add the inclusion H4 £ By U By, where By, B, are fresh concept names,
to 7. Denote the resulting TBox by Tq\s/ .

For any ABox A, we denote by A~ the subset of A consisting of all assertions in
A that use only symbols from Y.

Lemma 24. For any ABox A, ToY, A |= Ju.HA(v) iff Ty, A¥ E Jv.A(v).

Proof. The direction from right to left is trivial. Conversely, suppose (7, A*%) b=
Jv.A(v). Take a model Z of (Tss, A*) such that AZ = (). Since there are no existential
restrictions on the right hand side of Cls, we can assume that A = {aT | a € Ind(A)}.
Now set, for B € X, Iz = {a € Ind(A) | a* € BZ}. Using Lemma 1, we can find a
model Z of (7g, A) refuting Jv.Ha(v). a

Lemma 25. Assume B3 does not admit a tiling. Then T‘I\{ is FO-rewritable for consistent
ABoxes. Hence 7;\3/ is materializable and CQ-answering w.r.t. 7&\3/ is in PTIME.

Proof. If 3 does not admit a tiling, then (75, .A*) £ Jv.A(v), for any ABox A such
that A is consistent w.r.t. 73, by Lemma 23. Thus, (7g,A) = Jv.H4(v) for any
ABox A such that A is consistent w.r.t. 7Y, by Lemma 24. But now one can show for
any ABox A that is consistent w.r.t. ng and any CQ g,

Ty, AkEa < (Tz,4) Fq

Tz is FO-rewritable. Thus, T% is FO-rewritable for consistent ABoxes. d



Lemma 26. Assume 3 admits a tiling. Then 'qu is not materializable. Thus, ng is not
FO-rewritable for consistent ABoxes and CQ-answering w.r.t. T is coNP-hard.

Proof. Let A be a X-ABox such that (7, A) = Fv.A(v) and A is consistent w.r.t. To.

Then (7y, A) = Jv.(B1(v)VB2(v)) and Ais consistent w.r.t. 7y It is readily checked

that (74, A) = Jv.B1(v) and (Ty, A) = Fv.Ba(v). Thus, Ty is not materializable.
(]

From Lemmas 25 and 26, we obtain Points 3 and 4 of Theorem 16 as well as Points 1
and 2 for consistent ABoxes. Thus, to prove Theorem 16 it remains to show the follow-
ing lemma.

Lemma 27. Consistency of ABoxes w.r.t. ’7',5 can be decided in polynomial time (in the
size of the ABox).

Proof. Assume A is given. Form A% and apply the following rules exhaustively:

— add I, (a) to A* if there exists b with z(a, b), 2~ (b,a) € A;

— add I,/ (a) to A* if there exists b with y(a,b),y~ (b, a) € A;

— add C(a) to A¥ if there exist ay, az, b with x(a, a;), y(a, as), y(a1,b), z(az,b) €
A.

Denote the resulting ABox by .A’. Now remove the three inclusion schemata involving
the Boolean combinations B from 7y and denote by 7 the resulting TBox. One can
show that (7y, .A) is consistent iff (77,.A’) is consistent. The consistency of the latter
can be checked in polynomial time since 7 is a Horn-ALC F-TBox. 4

We now come to the proof of Theorem 10.

Theorem 10 For every language L in coNP there exists a ALCF-TBox T and query
rej(a), rej a concept name, such that the following holds:

— there exists a polynomial reduction of deciding v € L to answering rej(a) w.r.t. T
— for every Boolean ELIQ ¢, answering ¢ w.r.t. 7 is polynomially reducible to decid-
ingv € L.

Consider a non-deterministic TM M = (Q, X, A, qo, qa, q-) With Q a finite set of
states, X a finite alphabet, go € @) a starting state, A C Q X X' x @ x X' x {L, R} the
a transition relation, and q,, ¢, € @ the accepting and rejecting states. We assume that
for any input v € X*, M halts after exactly |v|* steps in the accepting or rejecting state
and that it uses exactly n* cells for the computation. Denote by L(M) the language
accepted by M and assume that L = X* \ L(M).

The ABoxes we use to simulate input words v € X* are m; X mq grids in which
Tinit 1s written in the lower left corner followed by the the word v, T§ is Wwritten in the
upper right corner, and B (for blank) is written everywhere else. In our construction of
T we first build a TBox that “checks” whether the input ABox is of this form.

To define this part of the TBox, we re-use the above TBox Ty, where B = (T, H, V)
with T = {B, Tfnal, Tinit } U X and H consisting of all pairs in T x T except

- (B,o)foroc € X,



- (0’, T;‘inal) foro ¢ 27
= (Thnal, 1), (T, Tinit), for T € T,

and V consisting of all pairs in ¥ x T except

B,o) foro € X,

o1,09) foroy,09 € X,

0, Tfinal) for o € X,

TﬁnahT), (T7Tinit), forT € X.

Py

For any n, m > 2, and any word v € L* there is exactly one tiling f for 3. That tiling
places Tt in the lower left corner followed by the the word v, T§na in the upper right
corner, and B is written everywhere else. Thus, every 3-ABox A (with initial node a)
is isomorphic to some n x m-grid with a word Tinv (v € L*) written in the lower left
corner. We call this ABox the grid-ABox for the n x m-rectangle with word v. Set

Taia == T, Tgia = Ty \ {Ha C B1 U B}

Recall that g,g contains the inclusions 7 for “second-order variables”.

To encode the computation of the TM M we use the following set Z;; of inclusions.
Intuitively, assume that a grid-ABox with initial node a for the n x m-rectangle with
word v is given. Then (7;?8» A) |= H4(a). We introduce a concept name Hgiq denoting

all individual names in A:
Ha € Hgrig, Hgrig & Vr.Hgig

for all r € {z,y,2~,y }. The remaining inclusions are all relativized to Hgyiq. The
remaining inclusions use

— concept names ¢ € () that indicate the state of the TM in the computation;

— concept names o € X for the input word;

— concept names A,, o € X, for symbols written during the computation (and as
copies of the symbols of the input word);

— aconcept name H for the head of the TM.

We simulate the instructions of M by taking for (¢,0,¢') € Q@ x X X Q:

HgiaMHMgMA, C |_| (Fy.(A» Mg M=HNVz.~HN3z~.H) U
(a,0,q",0",L)€A

Jy. (A, Mg M-H NV~ .—~HMN3z.H
(od T REA Y. ( q )

We state that cells can only change where H is:
ngid NM-HMA, C Vy.AU, ngid N—-HMN-A, C Vy.ﬂAU
We state that H cannot be introduced without a corresponding computation step:

Hgig M—-H NV~ .—H MNVz.-H CVy.—H.



We state that, when M starts, it is in state gg and that the head is at the first cell:
Tinit MV Hgria T qo,  Tinit 1 Hgrig = 3. H NVy ™. L M Hygyig.
We state that every state ¢ is uniform over each step of the computation:
g M Hgig C Vz.qMV2™ 4.

We state that A, is true where o from the input word is true:

Hgig Mo = Hgig MYy~ . LN A,,
for o € Y. We close with

Hgig MA; MA, C L, HgiaMgNg C L,

for o # o’ and q # ¢/, and the assertion that rej is true everywhere in the ABox if the
machine reaches the rejecting state:

Hgia M qr T rej,  Hgrig Mrej C Vr.rej

for r € {x,y, 2,y }. This finishes the definition of Z,;. As before, we replace every
concept name
Be X :=QU{A, |0 € X} U{Hgia, H}

by HB = VTB.HSB.—!ZB, add

TZ,I = {T Cdrg.T,T Cdsg.Zp | B e X}
to Z); and denote the resulting TBox by Z39. We set T2 = Tgsri(d) U Z39. Note that the
only “real” concept names in 7° are T and rej. The following lemma is straightforward
now and proves Part 1 of Theorem 10.

Lemma 28. If A is the grid-ABox for the my X mo-rectangle with word v and my, ms >

nk for n = |v|, then (T3P, A) = rej(a) iff v & L(M).

By Lemma 28, to check v ¢ L(M), it sufficient to construct the grid-ABox for the
nk x nk-rectangle with word v and then decide (7;°,.A) = rej(a). Thus, we have
shown that there exists a polynomial reduction of deciding v € L to answering rej(a)
W.I.L. 73\5/10.

We now show that for every ELIQ C(f), answering C(f) w.r.t. T;° can be poly-

nomially reduced to deciding v € L. Assume C(f) is given. Consider an ABox A.

Claim 1. It can be checked in polytime (in the size of A) whether A is consistent
w.r.t. TP

Observe that A is not consistent w.r.t. 7Ty iff

— A contains a grid-ABox for a m; X mo-rectangle with word v and m; < n* or
ma < nk forn = |v|; or

— A is not consistent w.r.t. 7.59

grid*



The first condition can clearly be checked in polytime and the latter is in PTIME by
Lemma 27.

Now, if A is consistent w.r.t. 752, then one of the following two cases applies:

— fisin a grid-ABox for the m; x mgo-rectangle with word v and mq, my > nk for
n = |v| (there can be other disjoint components). In that case (73°,.A) = C(f)
iff (Ty, A’) = C(f), where

e A’ is defined by setting A’ = AU {rej(b) | b € Ind(A)} if v ¢ L(M); and
A’ := A otherwise.
o Tv=TzUTz:1.
Both conditions can be checked in polytime.

— f is not in a grid-ABox for the m; x mgy-rectangle with word v. In that case
(T2, A) = C(f) iff (Tz,A) = C(f). The latter condition can be checked in
polytime.



