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Abstract. When using ontologies to access instance data, it can be useful to
make a closed world assumption (CWA) for some predicates and an open world
assumption (OWA) for others. The main problem with such a setup is that con-
junctive query (CQ) answering becomes intractable already for inexpressive de-
scription logics such as DL-Lite and ££. We take a closer look at this situation
and carry out a fine-grained complexity analysis by considering the complex-
ity of CQ answering w.r.t. individual TBoxes. Our main results are a dichotomy
between AC® and CONP for TBoxes formulated in DL-Lite and a dichotomy be-
tween PTIME and CONP for ££-TBoxes. In each tractable case, CQ answering
coincides with CQ answering under pure OWA; the CWA might still be useful as
it allows queries that are more expressive than CQs.

1 Introduction

Description logics (DLs) increasingly find application in ontology-based data access
(OBDA), where an ontology is used to enrich instance data and the chief aim is to pro-
vide efficient query answering services. In this context, it is common to make the open
world assumption (OWA). Indeed, there are applications where the data is inherently
incomplete and the OWA is semantically adequate, for example when the data is ex-
tracted from the web. In other applications, however, it is more reasonable to make a
closed world assumption (CWA) for some predicates in the data. In particular, when
the instance data is taken from a relational database, then the CWA can be appropri-
ate for the data predicates while additional predicates in the ontology should always
be interpreted under the OWA (this is the very idea of OBDA). As a concrete example,
consider geographical databases such as OpenStreetMap which contain pure geographi-
cal data as well as rich annotations, stating for example that a certain polygon describes
a ‘popular Thai restaurant’. As argued in [11, 7], it is useful to pursue an OBDA ap-
proach to take full advantage of the annotations, where one would naturally interpret
the geographical data under the CWA and the annotations under the OWA.

In the DL literature, there are a variety of approaches to adopting the CWA, often
based on epistemic operators or rules [6, 8, 10, 19, 22]. In this paper, we adopt the stan-
dard semantics from relational databases, which is natural, and straightforward: CWA
predicates have to be interpreted exactly as described in the data, assuming standard



(and thus unique) names for data constants; for example, when A is a closed concept
name and A an ABox, then in any model Z of A we must have AZ = {a | A(a) € A}.
Note that this semantics is also used in the recently proposed DBoxes [23]. In fact,
the setup considered in this paper generalizes both standard OBDA (only OWA predi-
cates permitted) and DBoxes (only CWA predicates permitted in data) by allowing to
freely mix OWA and CWA predicates both in the TBox and in the data. For readability,
we will from now on speak of open and closed predicates rather than OWA and CWA
predicates.

A major problem in admitting closed predicates is that query answering easily be-
comes intractable regarding data complexity (where the TBox and query are assumed
to be fixed and thus of constant size). In fact, this is true already for instance queries
(IQs), when only closed predicates are admitted in the data, and for TBoxes formulated
in inexpressive DLs such as the core dialect of DL-Lite [5] and £L [3]; this is shown
for conjunctive queries (CQs) and DL-Lite in [9], can easily be transfered to ££, and
strengthened to 1Qs by adapting a well-known reduction of Schaerf [21]. While this is a
relevant and interesting first step, it was recently demonstrated in [15, 16] in the context
of standard OBDA with more expressive DLs that a more fine grained, ‘non-uniform’
analysis is possible by studying data complexity on the level of individual TBoxes in-
stead of on the level of logics. In our context, we work with TBoxes of the form (7, %),
where 7 is a set of TBox statements as usual and X is a set of predicates (concept and
role names) that are declared to be closed. We say that CQ answering w.r.t. (7, X) is
in PTIME if for every CQ ¢(z), there exists a polytime algorithm that computes for a
given ABox A the certain answers to ¢ in A given (7, X); CQ answering w.r.t. (T, X)
is CONP-hard if there is a Boolean CQ ¢ such that, given an ABox A, it is CONP-hard to
decide whether g is entailed by A given 7. Other complexities are defined analogously.
The main aim of this paper is to carry out a non-uniform analysis of data complexity
for query answering with closed predicates in DL-Lite and £L.

Our main results are a dichotomy between ACY and CONP for TBoxes formulated in
DL-Lite and a dichotomy between PTIME and CONP for ££-TBoxes. In each case, we
provide a transparent characterization that separates the easy cases from the hard cases.
These results are interesting when contrasted with query answering w.r.t. TBoxes that
are formulated in the expressive DLs ALC and ALCZ, where the data complexity is
also between ACY and CONP, but where the existence of a dichotomy between PTIME
and CONP is a deep open question that is equivalent to the Feder-Vardi conjecture
for the existence of a dichotomy between PTIME and NP in non-uniform constraint
satisfaction problems [16]. We also show that when CQ answering w.r.t. (7, Y) is in
PTIME, then the certain answers to any CQ ¢ in any ABox A given (7, X) (which
respect the closed-world declarations in X') coincide with the open world answers to g
in A given T—for ABoxes that are satisfiable w.r.t. 7. In a sense, we thus show that
CQ answering with closed predicates is inherently intractable: in all the tractable and
consistent cases, the declaration of closed predicates does not have any impact on query
answers.

While this sounds discouraging, there is still a potential benefit of closed predicates
in tractable cases: for the ‘closed part’ of the signature, we can go beyond conjunctive
queries and admit (almost) full first-order queries without becoming undecidable and,



indeed, without any negative impact on data complexity. We propose a concrete query
language that implements this idea and show that AC® data complexity is preserved for
DL-Lite TBoxes and PTIME data complexity is preserved for £L£-TBoxes when CQs
are replaced with queries formulated in the extended language.

2 Preliminaries

We use standard notation from description logic [4]. Let N¢c and Ng be countably infi-
nite sets of concept and role names. A DL-Lite-concept is either a concept name from
N¢ or a concept of the form 3r.T or Ir~.T, where 7 € Ng. A DL-Lite-inclusion is an
expression of the form B; C By or By T =B, where By, By are DL-Lite-concepts.
A DL-Lite-TBox is a finite set of DL-Lite-inclusions. In the literature, this version of
DL-Lite is often called DL-Litecore. £L-concepts are constructed according to the rule
C,D:=T|]A|CND| 3rC, where A € Nc and r € Ng. An EL-inclusion is
an expression of the form C' C D, where C, D are £L-concepts. An £L-TBox is a
finite set of £L-inclusions. £LZ extends £L with the constructor 3r~.C'. ABoxes are
finite sets of assertions A(a) and 7(a,b) with A € N¢, r € Ng, and a, b individual
names. We use Ind(.A) to denote the set of individual names used in the ABox A and
write r~ (a,b) € A instead of r(b,a) € A. We sometimes also use infinite ABoxes,
but this will be stated explicitly. Interpretations Z are defined as usual, where for the
interpretation of individual names we make the standard name assumption (SNA), i.e.,
a’ = a. Note that this implies the unique name assumption (UNA); to avoid enforcing
infinite models, we assume that interpretations need not interpret all individual names
and use Ind(Z) to denote the individual names interpreted by Z. A concept C' (ABox .A)
is satisfiable w.r.t. a TBox T if there exists a model Z of 7 with CZ # () (that satisfies
A, respectively).

Every ABox A corresponds to an interpretation Z 4 whose domain is Ind(.A4) and in
which a € A4 iff A(a) € A, forall A € Nc and a € Ind(.A) and similarly for role
names. Conversely, every interpretation Z corresponds to a (possibly infinite) ABox Az
whose individual names are AZ.

A predicate is a concept or role name. A signature X' is a finite set of predicates.
The signature sig(C') of a concept C, sig(7T ) of a TBox T, and sig(.A) of an ABox A,
is the set of predicates occurring in C, T, and A, respectively. For being able to declare
predicates as closed, we add an additional component to TBoxes. A pair (7, X) with
T aTBox 7T and X a signature is a TBox with closed predicates. For any ABox A, a
model T of (T, X) and A is an interpretation Z with Ind(A) C Ind(Z) that satisfies T
and .4 and such that

AT ={a| A(a) € A} forall A € ¥ N N¢
rf ={(a,b) | r(a,b) € A} forallr € ¥ N Ng.
Note that TBox statements that only involve closed predicates are effectively integrity

constraints in the standard database sense [1]. In a DL context, integrity constraints are
discussed for example in [6, 8, 17-19].

A first-order query (FOQ) q(x) is a first-order formula constructed from atoms
A(t), r(t,t'), and t = ¢', where t, ¢’ range over individual names and variables and x =



Z1,...,x contains all free variables of q. We call x the answer variables of q(x). A
conjunctive query (CQ) q(x) is a FOQ using conjunction and existential quantification,
only. A tuple @ = ay, ..., a; C Ind(A) is a certain answer to q(x) in A given (T, X),
in symbols 7, A . (x) q(a), if T |= glay,...,ax] for all models Z of (7, X) and
A. When computing certain answers we assume that all individual names in the query
occur in the ABox. If X = (), then we simply omit X and write 7, A = ¢(a) instead
of T, A FEcx) q(a). If Cis an £LZ-concept, then the CQ corresponding to C(a) is
defined in the usual way and called an ££7Z-instance query. £L-instance queries are
defined analogously.

The following definition generalizes the definition of non-uniform data complexity
introduced in [16] to TBoxes with closed predicates.

Definition 1. Let (T, X) be a TBox with closed predicates. Then

— CQ answering w.r.t. (7, X)) is in PTIME if for every CQ q(x) there is a polytime al-
gorithm that computes, for a given ABox A, all a C Ind(A) with T, A =.(x) q(a);

- CQ answering w.r.t. (7, X) is CONP-hard if there is a Boolean CQ q such that it is
CONP-hard to decide, given an ABox A, whether T, A =5y q.

For other classes of queries such as FOQs and £ LZ-instance queries, analogous notions
can be defined. It is known that for X' = (), CQ answering is in PTIME for £L-TBoxes
[5,13] and in AC? for DL-Lite [5, 2]. FOQ-answering is undecidable even for the empty
TBox, due to the OWA.

The following property, plays a central role in our analysis; see [16] which also
makes intensive use of this notion (there called ABox disjunction property).

Definition 2 (Disjunction property). A TBox with closed predicates (T, X) has the
disjunction property if for all ABoxes A and ELT-instance queries C1(a) and Cs(a),
T, AEqs) Ci(a) Vv Ca(a) implies T, A =) Ci(a) for some i € {1,2}.

It is standard to show that DL-Lite and £L£ TBoxes without closed predicates have the
disjunction property [16].

3 Main Results and Illustrating Examples

We first formulate the dichotomy result for DL-Lite. The next definition introduces a
class of TBoxes with closed predicates that turn out to be exactly the TBoxes for which
query answering is in ACY.

Definition 3. A DL-Lite TBox T with closed predicates X is safe if there are no DL-
Lite-concepts By, Bs and role r such that

1. By is satisfiable w.r.t. T;
2 TEBIC3IrTandT E3r~.T C By, and
3. By # 3. T, sig(Bs) C X, and sig(r) N X = 0.3

3 In other words,  is a role name and r € X or r = s~ for arole name s ¢ X.



Note that it is easy to check in PTIME whether a given DL-Lite TBox is safe since
subsumption in DL-Lite can be decided in PTime [5]. Our results concerning DL-Lite
are summarized by the following theorem.

Theorem 1 (DL-Lite dichotomy). Ler (7, X) be a DL-Lite-TBox with closed predi-
cates. Then the following holds:

1. If (T, X) is not safe, then the disjunction property fails and there is an ELTL-
instance query C(a) such that answering C(a) w.r.t. (T, X) is coNP-hard.
2. If (T, X)) is safe, then
(a) CQ answering w.rt. (T,X) coincides with CQ answering w.r.t. (T, 0) for all
ABoxes that are satisfiable w.rt. (T,X), i.e., for every CQ q(x) and a C
Ind(A), we have T, A =¢(s) q(a) iff T, A = q(a).
(b) CQ answering w.r.t. (T, X)) is in AC® and (T, ) has the disjunction property.

The following example illustrates Theorem 1.

Example 1. (a) Let T = {AC 3. T,3r~. T C B} and ¥ = {B}. (T, X) is not safe.
The disjunction property can be refuted as follows. Let A = {A(a), B(b1), A1(b1),
B(bs), Aa(bse)}, where A, As are fresh concept names. Then

L. T, A Eys) Ir. (A1 11 B)(a) V Ir.(A2 11 B)(a);
2. T,A %C(E) E"/‘(Al [l B)(a) fori = 1, 2.

Point 1 should be clear since in any model Z of (7, X) and A one has to link a with
7 to by or to by to satisfy 7. For Point 2 and ¢ € {1,2}, consider the model Z; that
corresponds to A expanded with 7(a, b;). Then Z; is a model of (7, X) and A (note
that r ¢ Y)buta & (Ir.(A; 11 B))% where 1 = 2 and 2 = 1. Thus 7, A F.(x
3Ir.(A; 1 B)(a). When we add any of A, A1, As to X, all statements are still true.

(b) The failure of the disjunction property for the ABox A and TBox 7 results
in a choice that enables a coNP-hardness proof by reduction of 2+2-SAT, a variant of
propositional satisfiability where each clause contains precisely two positive literals and
two negative literals [21]. For this reduction, it suffices to use an £ £-query that uses the
above queries 3r.(A; M B)(a), ¢ = 1,2, as subqueries for encoding truth values.

The proof of Theorem 1 is given in the next section. We now come to the case of
TBoxes formulated in £L£, where we start with examples. Observe that we can find
an £L-TBox without the disjunction property by a reformulation of the DL-Lite TBox
from Example 1. Let 7/ = {A C 3r.B} with X' = {B}. Then, in the same way as
for (7, %) one can show that the disjunction property fails for (77, X) and that CQ
answering is coNP-hard. In £ £, however, there is an additional (and more subtle) cause
for non-tractability, which we discuss in the following example.

Example 2. Consider again 7' = {A C 3r.B}, but now set X’ = {r}. We first show
that (77, X2’) does not have the disjunction property. Let A" = {A(a), r(a, b1), A1(b1),
r(a,b2), Aa(b2)}, where Ay, Ao are fresh concept names. Then one can easily show
that the disjunction property fails:

- T A oy Ir(Ai N B)(a) vV 3r.(A2 1 B)(a);



- T/,A/ %6(2/) ET.(Ai M B)(a), fori = 1, 2.

It is crucial that B ¢ X’. The proof of CONP-hardness is very similar to the proof
mentioned in Example 1.

Observe that one cannot reproduce this example in DL-Lite: for the TBox 7 =
{AC 3n7T,3r=.T C B} with ¥’ = {r}, we have T, A" |=,x) B(b;) fori =
1,2 and, therefore, 7, A" =5+ Ir.(A; 1 B)(a), for i = 1,2. Thus, the disjunction
property is not violated.

We now identify a class of £L£-TBoxes with closed predicates that turn out to be exactly
the TBoxes for which CQ answering is in PTIME. We call a concept E a top-level
conjunct (tlc) of C if C is of the form Dy M --- M D, withn > 1 and F = D; for
some 1.

Definition 4. Let (T, X)) be an EL-TBox with closed predicates. (T, X)) is safe if there
exists no € L-inclusion C T 3r.D such that

1. TECC 3r.D;
2. there does not exist a tic Ir.C' of C with T |= C' C D;
3. one of the following is true:
(s1) v & X andsig(D) N X # (;
(s2) r € X, sig(D) € X and there is no X-concept E with T = C C 3r.F and
T ECD.

Note that Condition 3(s1) of Definition 4 is similar to the definition of safety for DL-
Lite. Example 2 shows why Condition 3(s2) is needed. The following example illus-
trates the additional requirement of 3(s2) that no “interpolating” X'-concept E exists.

Example 3. Let T = {A C 3r.E, E C B} and first assume that ¥’ = {r}. Then the
inclusion A C Jr.B satisfies Condition 3(s2) and thus (7, X) is not safe. Now assume
Y = {r, E}. Then, the inclusion A C 3r.B does not violate safety because E can be
used as a ‘X-interpolant’. Note that the ABox A’ from Example 2, which we used to
refute the disjunction property in a very similar situation, is simply unsatisfiable w.r.t.
(T, X)) because F has to interpreted as the empty set. Indeed, it can be shown that
(T, ) is safe.

Note that, unlike the DL-Lite case, the definition of safety of ££-TBoxes with closed
predicates does not immediately suggest a decision procedure since there are infinitely
many candidates for the concepts C, D, and E. We conjecture that safety is decidable
in PTIME, but pursuing this further is left for future work.

Theorem 2 (£L-dichotomy). Let (T, X) be an £ L-TBox with closed predicates. Then
the following holds:

1. If (T, X) is not safe, then the disjunction property fails and there exists an EL-
instance query C(a) such that answering C'(a) w.r.t. (T, X) is coNP-hard.
2. If (T, X)) is safe, then
(a) CQ answering w.r.t. (T, X) coincides with CQ answering w.r.t. (T, () for all
ABoxes that are satisfiable w.r.t. (T, X).



(b) CQ answering w.rt. (T,X) is in PTIME and (T, X) has the disjunction prop-
erty.

As noted in the introduction, Theorems 1 and 2 essentially show that CQ answering
with closed predicates is inherently intractable. Note, though, that Points 2(a) of these
theorems refer only to satisfiable ABoxes. In fact, TBox statements that refer only to
closed predicates act as integrity constraints also in the tractable cases. Moreover, safe
TBoxes admit any integrity constraint that can be formulated in the DL at hand, i.e., if a
TBox T formulated in DL-Lite or £L is safe, then it is still safe after adding any concept
inclusions that refers only to closed predicates. In the appendix, we show that checking
satisfiability of ABoxes w.r.t. safe TBoxes is in AC° for DL-Lite and in PTIME for ££
(for data complexity).

Another way of taking advantage of closed predicates without losing tractability is
to admit more expressive query languages. Indeed, mixing open and closed predicates
seems particularly useful when large parts of the data stem from a relational database,
as in the geographical database application mentioned in the introduction. In such a
setup, one would typically not want to give up FOQs (SQL queries) available in the
relational system to accomodate open world predicates. We propose a query language
that combines, in a straightforward way, FOQs for closed predicates with CQs for open
(and closed) predicates. We then show that, for safe TBoxes with closed predicates,
such queries can be answered as efficiently as CQs both in the case of DL-Lite and
of EL.

As in the relational database setting, we allow only FOQs that are domain-inde-
pendent and thus correspond to expressions of relational algebra (and SQL queries).
Formally, a FOQ ¢(x) is domain-independent if for all interpretations Z and J such
that PZ = P7 for all P € sig(q(x)), we have T |= q[d] iff J |= ¢[d] for all tuples
d C AT U A7. Intuitively, the truth value of a domain-independent FOQ depends
only on the interpretation of the data predicates, but not on the actual domain of the
interpretation. For example, —A(x), is not domain-independent whereas B(z) A —A(x)
is domain-independent. In our query language, we allow domain-independent FOQs
over closed predicates as atoms in CQs.

Definition 5. Let X' be a signature that declares closed predicates. A conjunctive query
with FO(X) plugins (abbreviated CQFO(*)) is of the form 31 - - 3z, (01 A ... A ©rm),
where n > 0, m > 1, and each p; is either a CQ or a domain-independent FOQ whose
signature is included in X..

The subsequent theorem shows that switching from CQs to CQF°(*)s does not increase
data complexity.

Theorem 3.

1. COF 0(2)-answering w.r.t. safe DL-Lite-TBoxes with closed predicates is in ACO.
More precisely, for every such TBox (T, ) and CQ"¥) q(x), there exists a FOQ
q'(x) such that for all Aand a C Ind(A): T, A .5 q(a) iif Za = ¢'(a).

2. COMO) answering w.rt. safe EL-TBoxes is in PTIME.



Query languages between CQs and FOQs have been studied before. In the standard
setup where all predicates are open, it was shown in [20] that extending CQs with union
and atomic negation results in coNP-hardness both in DL-Lite and in ££, and that ex-
tending CQs with union and inequality results in undecidability in ££. In our query
language CQ™°(*), we avoid these problems by allowing only CQs for the open pred-
icates while restricting the expressive power of FOQs (which admits disjunction, full
negation, and (in)equality) to closed predicates. The language EQL-Lite(CQ) proposed
in [6] can, in some sense, be viewed as a fragment of our language that admits the full
expressivity of FOQs, but in which only closed predicates are admitted. Note though,
that the EQL-Lite approach closes predicates only for querying while all predicates are
interpreted as open world for TBox reasoning.

4 Proof Sketches

We sketch proofs of Theorems 1 and 2. We begin with the first part of Theorem 1.

Lemma 1. Ifa DL-Lite-TBox T with closed predicates X is not safe, then the disjunc-

tion property fails and there exists an £LZ-instance query C(a) such that answering
C(a) wrt. (T, X) is coNP-hard.

Proof. Assume that By T 3. T,3dr~. T C B satisfy the conditions of Definition 3.
Take a finite model Z of 7 with ay € B?¥; such a model exists since B is satisfiable
w.rt. 7 and DL-Lite has the finite model property. Let S = {b € AT | (ag,b) € rZ}.
Since By # Ir.T, we have q¢ € Blzs for the interpretation Zg obtained from Z by
removing all pairs (ag, b) with b € S from rZ. Take the ABox .Ag corresponding to Zg
and let A be the disjoint union of two copies of Ag. We denote the individual names of
the first copy by (b, 1), b € AZ, and the elements of the second copy by (b, 2), b € AL,
Let
A= AU{A1(b,1) | be BIYU{As(b,2) | be BS},

where A; and A, are fresh concept names. Now one can show that the disjunction prop-
erty fails: (T, .A/) ':c(g) E'?".(Al |_|BQ) (CI,Q7 1) \/E"/‘.(Ag |_|B2)(a0, 1) and (T, .A/) béc(g)
37”(147 I Bg)(ao, 1) fori = 1, 2.

The cONP-hardness proof is now similar to the proof for Example 1 given in the
appendix. (]

For the second part of Theorem 1, we first prove (a):

Lemma 2. Let (T,X) be a DL-Lite TBox with closed predicates. If (T, X) is safe,
then CQ answering w.r.t. (T, X)) coincides with CQ answering w.r.t. T without closed
predicates for ABoxes that are satisfiable w.r.t. (T, X).

Proof. Let (7, X)) be safe and assume that 4 is satisfiable w.r.t. (7, X). We remind
the reader of the construction of a canonical model Z of 7 and A (without closed
predicates!) [12]. Z is the interpretation corresponding to an ABox A, that is the limit
of a sequence of ABoxes Ay, A1, .... Let 49 = A and assume ay, . .. is an infinite list
of individual names such that Ind(Ag) = {ao,...,ar}. Assume A; has been defined
already. Let ¢ be minimal such that there exists B; T By € T with A; |= Bi(a;) but
A; = Ba(a;) (if no such ¢ exists, then set A, := A;). Then



— if By is a concept name, let A1 = A; U {Ba(a;)};
- if By = 3s.T, then take a fresh individual b,, s and set A, 11 = A;U{s(a;,bq, s)}-

Now let 7 be the interpretation corresponding to the ABox A, = | J,;~ Ai. It is known
that 7 is a model of (7 ,.A) with the following properties: -

1. Forall CQs ¢(x) and a C Ind(A): T, A |= q(a) iff T = ¢[a].

2. For any individual b,, ; € Ind(A;) \ Ind(A) introduced as a witness for some
By = 3s.T, we have B(b,, s) € A iff T = 3s~.T T B, for every DL-Lite-
concept B.

To show that 7 is a model of (7, X') and A we prove the following

Claim 1. For all ¢ > 0 and for all a € Ind(A;), if By C By € T with A; |= By (a) but
A; = Ba(a), thensig(Bs) N X = (.

Claim 1 holds for all A;, 7 > 0, and all @ € Ind(.A): otherwise, A;,1 is unsatisfiable,
in contradiction to Point 1. It follows that Claim 1 holds for © = 0. We proceed by
induction, assuming that Claim 1 has been proved for 4;, but that to the contrary of
what is to be shown there are By = By € T with A; 11 = Bi(a), Ai+1 [~ Ba(a), and
sig(B2) N X # 0, i.e., sig(Bs2) C Y. By what was said above, we have a ¢ Ind(A) and
thus a was introduced as a witness for some 3s.T. By IH, sig(s) N X' = 0 and there
exists By # 3s.T with By C 3s.T € T. Point 2 yields 7 |= 3s~.T C Ba, in contrary
to (7, X) being safe. This finishes the proof of Claim 1.

It follows from Claim 1 that 7 is a model of (7, X') and .A. Thus, we have for CQs
g(x) and a C Ind(A): if T, A ~ q(a), then J % gla], and so T, A |~ (x) q(a), as
|

required.

To obtain a proof of Part 2 of Theorem 1, it remains to show that, for safe (7, X'),
it is in AC° to decide whether an ABox is satisfiable w.r.t. (7, X). To this end, it is
readily checked that an ABox A which is satisfiable w.r.t. 7 is satisfiable w.r.t. a safe
(T,X2) iff T, A E B(a) implies A = B(a) for all DL-Lite concepts B over X.
To see that this condition is in AC?, let w5 (z) be an FO query with 7, A = B(a)
iff Z4 = pp(a), where T4 is the interpretation corresponding to A. Then A is not
satisfiable w.r.t. (7, X) iff Z4 = 32\ g x (p5(z) A =B(x)) where X denotes the set
of all DL-Lite concepts over .

We now come to Theorem 2. With the exception of proof steps involving Condi-
tion 3(s2) of Definition 4, the proof technique for Theorem 2 extends the proof tech-
nique introduced for DL-Lite. We therefore focus on 3(s2) and refer the reader to the
appendix for the full proof. We require a certain interpolation property. This interpo-
lation property has been studied before for ALC and several of its extensions in the
context of query rewriting for DBoxes and Beth definability [23,24]. Note that it is
different from the interpolation property investigated in [14], which requires the inter-
polant to be a TBox instead of a concept.

Lemma 3 (Interpolation). Let 71,75 be EL-TBoxes, Ty U Ta |E Do T Dy with
sig(T1, Do) Nsig(T2, D1) C X. Then there exists a X-concept F such that Ty U Tz |=
DogFCli’ld'TlU’Tg ':FEDl



The following lemma is the crucial step for proving Part 1 of Theorem 2 if 3(s2) applies.

Lemma 4. Ler (T, X)) be an EL-TBox with closed predicates such that safety is vio-
lated by C'C 3r.D € T because 3(s2) holds. Then the disjunction property fails.

Proof. Assume C' C Jr.D is given. Take the canonical model Z7 ¢ of 7 and C as
defined in [14] (its domain AZ7-¢ consists of names ar, F' a subconcept of 7 or C,
and ap € GIT.c iff T |= F C G, for all £L£-concepts ). Assume for simplicity that
(ap,ac) € rI7-c forany ap € AT7:¢. Let

S ={ag € ATT¢ | (a¢,aq) € rF7¢,3r.G is not a top level conjunct of C'}

and let Zg be the interpretation obtained from Z7 ¢ by removing all pairs (d,d") with
d' € S from rZ7.¢. We have ac € C7s. Let Ag be the ABox corresponding to Zg and

K ={G|3r.G esub(T), T =CC I.G}.

Since there is no tlc C’ of C with T |= C’ C D, by a result of [14] (Lemma 16), there
exists G € K with T =G C D.

Introduce copies X° and X' of any non-X-predicate X. Denote by E? and E*
the resulting concept if each non-X predicate X in E is replaced by X° and, respec-
tively, X *. Similarly, denote by 7° and 7' the TBoxes obtained from 7 by replacing
all concepts £ in 7 by E° and E', respectively. The following can be proved using
Lemma 3:

Fact. Forall G € K: T°UT! £ G° C D',

Now one can take the canonical models J¢ := Zyoy71 o for any G € K and obtain
for ag = ago that ag & (D1)7¢. Let Ag, s be the ¥-reduct of the ABox correspond-
ing to Jg and assume that the Ind(A¢, ;) are mutually disjoint, for G € K, and that
ag € Ind(Ag,x), for all G € K. Introduce two copies A%;,E and A2G,2 of Ag 5, for
G € K. We denote the elements of the first copy by (a, 1), for a € Ind(A¢, x) and the
elements of the second copy by (a, 2), for a € Ind(A¢, 5). Define the ABox A by tak-
ing two fresh concept names A; and A, and the union of As U Ugex A x U AG 5
and the assertions r(ac, (ag,1)),r(ac, (ag,2)), A1(ag,1), and Asz(ag,2), for ev-
ery G € K and A;(ap’), for every tlc Ir.D’ of C. One can show that the disjunc-
tion property is violated: 7, A [=cx) Ir.(A1 M D)(ac) V Ir.(A2 1 D)(ac) and
T, A sy Ir(AiN D)(ac), fori =1,2. a

5 Future Work

We have presented first results regarding the non-uniform complexity of query answer-
ing in the presence of open and closed world predicates. We expect the proposed ex-
tension of CQs with FO-plugins to be useful in practical applications where closed
predicates are important and safe TBoxes suffice. As future work, we plan to extend
our investigation to more expressive DLs. For example, we conjecture that transparent
dichotomy results can still be obtained for the extensions of DL-Lite.,,.. and £L with
role hierarchies.
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A Proofs for Section 3

We prove coNP-hardness for Example 1. Recall that 7 = {A C 3r.T,3r~.T C B}
and ¥ = {r}. The coNP-hardness 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 [21]. In
fact, our proof is very similar to Schaerf’s original proof. A 2+2 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 [21]
that 2+2-SAT is NP-complete.

Let ¢ = co A -+ A ¢y, be a2+2 formula in propositional letters qo, . . . , ¢m, and let
¢i = Pi1 VPi2Vni1 V n,o forall ¢ < n. Our aim is to define an ABox A, and
and an instance query C'(a) such that ¢ is unsatisfiable iff 7', A, =5y ¢. To start, we
represent the formula ¢ in the ABox A, as follows:

— the individual name f represents the formula ¢;

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

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

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

represent truth constants;
— the assertions

U {p1(cispinn), pa(ci, pi2)s nalci, nin), na(ci, ni2)}

i<n

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

We further extend .A,, to enforce a truth value for each of the variables ¢; and the truth-
constants 0, 1. To this end, add to A, copies Ao, ..., A, of A obtained by renaming
individual names such that Ind(.A;) N Ind(.A;) = () whenever ¢ # j. Moreover, assume
that ¢; coincides with the ith copy of a. Intuitively, the copy A; of A is used to generate
a truth value for the variable ¢;, where we want to interpret g; as true if the query
3Ir.(A1 N B)(g;) is satisfied and as false if the query 3r.(As M B)(g;) is satisfied.

To ensure that 0 and 1 have the expected truth values, add the ABoxes A(1) =
{r(1,¢1),A1(c1), B(c1)} and A(0) = {r(0,cz), A2(c2), B(c2)}. Let B be the result-
ing ABox.

Consider the query

qo = Je.(Ip1 . M Ipo.ff M Ing .t 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 3r.(A; M B) and ff an abbreviation for Jr.(A2 M B).
It is straightforward to show that ¢ is unsatisfiable iff 7, 5 |:c( ) 9o-



B Proofs for Section 4

We first provide the missing step for the proof of Lemma 1.

Lemma 5. With the definitions from the proof of Lemma 1:
(]) (T, A/) ):C(E) 37‘.(141 1 Bg)(ao, 1) V 37".(142 M Bg)(ao, 1)
(2) (T, A") Fe(s) 3r.(A; 1 By)(ao, 1) fori=1,2.

Proof. (1) Let 7 be a model of (7, %) and A’. We have (ap,1) € By . Since J
is a model of 7, there exists ¢ € A7 with ((ag,1),e) € r7 and e € By . Since
sig(By) C X, and by the definition of A’, e is of the form (¢’,i) with ¢’ € BZ and
i € {1,2}. If i = 1, we have A;(¢’,1) € A’ and so (ag,1) € Ir.(A; N By)7,
as required. If i = 2, we have As(e’,2) € A’ and so (ag,1) € Ir.(A2 M B2)7, as
required.

(2) We construct a model J of (7, %) and A’ with (ag, 1) & (3r.(A; N Ba))7. J
is defined as the interpretation corresponding to the ABox A’ extended by

{r((a0, 1), (e.2)) | (a0, e) € 17} U{r((ao,2)), (e, 1)) | (ao,€) € r*}

It is readily checked that 7 is a model of (7, X') and .A’. Moreover, (ag, 1) & (3r.(A1M
Bs))7. To construct a model J of (7, %) and A’ with (ag,1) & (Ir.(Ax N Bg))7
swap the roles of the two copies of Zg: in this case, 7 is defined as the interpretation
corresponding to the ABox A’ extended by

{r((a0,1), (e, 1)) | (ao,e) € 1"} U{r((ao,2)), (e,2)) | (ao,e) € 17}
Again J is amodel of (7, X) and A’, and (ag, 1) ¢ (3r.(A2 1 Ba))7. a

We now prove Theorem 2. We split Part 1 of Theorem 2 into two parts, and begin
with the case in which condition 3(s1) for non-safety is satisfied.

Lemma 6. Let (T, X) be a £L-TBox with closed predicates such that safety is violated
by the inclusion C' T 3r.D because 3(sl) holds: r ¢ X and sig(D) N X # 0. Then
the disjunction property fails and there exists an € L-instance query C(a) such that
answering C(a) w.rt. (T, X) is coNP-hard.

Proof. Assume C' C dr.D with the properties of Lemma 6 is given. We remind the
reader of the canonical model Z7 ¢ of a ££-TBox T and £L-concept C' [14]. Assume
w.l.o.g. that C' does not occur in 7 (if it does, replace C by A M C for a fresh concept
name A). The canonical model e, = (A®7,.%T) of C and T is defined as follows:

- AST ={ac}U{ac | Ir.C" € sub(C) Usub(T)};

- ap, € ATeT if T = Dy C A, forall A € N¢ and ap, € Alr.c.

- (apy,ap,) € rI7¢if T = Dy C 3r.Dy and 3r.D; € sub(T) or Ir.Dy is a tlc of
Dy, forall ap,,ap, € ATT.c and r € Ng.

It ¢ is amodel of 7 and

Fact 1. The following conditions are equivalent for all Dy with ap, € AZ7-¢ and all
EL-concepts Dy:



1. T):Dong;
2. ap, € DI7°.

Note that by our assumptions there is no ap € AZ7-¢ with (ap,ac) € s¥7-¢ for any
role name s. Let

S ={ap € AT7¢ | (ac,ap) € ¢, Fr.D is not a tlc of C'}

Let Zs be the interpretation obtained from Z7 ¢ by removing all pairs (d,d’) with
d' € S from rZ7.¢. Observe that ac € C7s. Let Ag be the ABox corresponding to
Zs and let A be the disjoint union of two copies of .Ag. We denote the elements of the
first copy by (d, 1) for d € AZ7-¢ and the elements of the second copy by (d, 2), for
d € ATT.¢ Let A; and A, be fresh concept names and

A= AU{AL(d,1) |d e ATTC} U {Ay(d,2) | d € AT}

If some concept name £ € X occurs in D, then fix one such E and denote by D;
the resulting concept after one occurrence of F is replaced by A; M E. Similarly, if no
concept name from X occurs in D, then let s € X' be such that a concept of the form
Js.G occurs in D. Denote by D; the resulting concept after one occurrence of 3s.G is
replaced by A; M 3s.G.

Claim 1.
D) (T, A) Fexy Ir.Di(ac, 1) V Ir.Da(ac, 1)
@) (T, A') Peo(s) Ir.Dilac, 1) fori = 1,2,

(1) is straightforward using the condition that 7 = C' C 3r.D. (2) We construct a
model 7 of (7, ¥) and A’ with (ac,1) € (3r.D1)7. J is defined as the interpretation
corresponding to the ABox A’ extended by

{r((ac,1),(e,2)) | e € S}U{r((ac,2)), (e, 1)) | e € S}

Since Z7 ¢ is a model of T it is readily checked that 7 is a model of (7, X) and A’.
Moreover, (ac,1) € (3r.D1)7. To prove this assume (ac, 1) € (3r.D1)7. Then one
of the following two conditions holds:

— there exists a tic 3r.C” of C such that (acr, 1) € DY ;
— there exists acs with (ac, acr) € 727 such that (acr,2) € DY .

The first condition leads to a contradiction since it implies, by Fact 1, that T = C' C D
for a tlc Ir.C” of C. Hence C' C Jr.D does not violate safety of (7, X). The second
condition cannot hold since no point (a¢, 2) can reach along a role-path in 7 any point
in the first copy of .Ag and A; applies only to points in the first copy (here we need that
ac is not reachable).

The construction of a model J of (7, %) and A’ with (ac,1) € (Ir.D2)7 is
similar and left to the reader.

The coNP-hardness proof is exactly the same as in Example 1. a



For proving that also violation of condition 3(s2) for non-safety gives rise to coNP-
hardness, we introduce some preliminaries including the well-known tree-shaped canon-
ical models for £L. Let T be an £L£-TBox and A a (possibly infinite) ABox. In the
construction, we use extended ABoxes, i.e., sets of assertions C'(a) with C' a poten-
tially compound concept and 7(a,b). We produce a sequence of extended ABoxes
Ag, A1, . .., starting with Ay = A. In what follows, we use additional individual names
of the form ar,C} - - - rpCy with a € Ind(Ag), 71, . . ., 7 role names that occur in T,
and C1,...,C) € sub(T). Each extended ABox A, is obtained from .4; by applying
the following rules:

R1 if C N D(a) € A;, then add C(a) and D(a) to A;;

R2 if A; = C(a) and C C D € T, then add D(a) to A;;

R3 if 3r.C(a) € A; and there exist b € A; with r(a,b) € A; and T, A; = C(b), then
add C'(b) to A;; otherwise add r(a, arC) and C(arC) to A;.

Let A. = [J;>( Ai- Note that A, may be infinite even if A is finite, and that none of
the above rules adds anything to .A... Denote by J7, 4 the interpretation corresponding
to A.. The following lemma is standard:

Lemma 7. Let T be an EL-TBox and A a possibly infinite ABox. Then

- Jr,aisamodel of T and A;

— forallp € A77:4\Ind(A) and all £ L-concepts D: p € DIT-A iff T |= tail(p) C D;

— forall CQs q(x) and a C Ind(A): T, A = q(a) iff Tr 4 = qlal.
We now construct the tree-shaped canonical model of a TBox and a concept C'. A path
in a concept C'is a finite sequence Cy - 71 - C1 - - - - 7 - Cp, Where Cy = C, n > 0, and
Ir;41.Ci41 is atle of C;, for 0 < ¢ < n. We use paths(C') to denote the set of paths in
C. If p € paths(C), then tail(p) denotes the last element of p. The canonical ABox A¢
associated with C'is defined as

Ac = {r(p,q) | p,q € paths(C);qg=p-r-C'}
{A(p) | Aatlc of tail(p),p € paths(C)}

Let J7.c := J7,4.- Then the following is straightforward:
Lemma 8. Let T be an EL-TBox and C' a concept. Then

- Jr.cisamodel of T;
— forallp € A77¢ and all £L-concepts D: p € DIT-< iff T |= tail(p) C D;

We also require a lemma on the connection of reasoning with concepts and reason-
ing with ABoxes. Let A be an ABox. For a € Ind(.A) we define a concept C!* by
“unfolding” A at a up to depth m:

Co=C[] A cr=C[] Anc [] 3rcm
(a)e A A(a)eA r(a,b)eA

The following is shown in [14] (Lemma 22).



Lemma 9. For all £L-TBoxes T, ABoxes A and £ L-concepts C':
T,AEC(a) < dIm: TECMCC

We are in the position now to prove Lemma 3.

Lemma 3 Let 7; U 72 = Dy T D with sig(71, Do) Nsig(T2, D1) € X. Then there
exists a X-concept F' suchthat 7; UTs = Do C Fand 71 UT2 | F C Dy.

Proof. Let 71 U 72 |= Dy = Dy with sig(7T1, Do) Nsig(T2, D1) € X. Assume that the
required X'-concept F' does not exist. Consider the canonical tree-model J7,u7;, D, -
Denote by Ay, the ABox corresponding to the X-reduct of J7;uT; b, - For the sake of
readability, denote the individual names in Ay by a, instread of by p.

Claim 1. 7; U 73, Ax = D1 (ap,)-

To see this, assume that 7; U T3, Ax = Di(ap,). By Lemma 9, there is a X’-concept
F such that 71 U T2, As = F(ap,) and 71 U T3 = F C Dy; the former yields
ap, € FJ71072.00 and thus by Lemma 8 we obtain 7; U 75 = Dy C F. This is in
contradiction to our assumption that no such concept F’ exists.

Consider the canonical tree model J7;,u7;,.4,, and let J be the union of the sig(71, Do )-
reduct of J7;u7,.p, and of J7,u7;.45- Note that AT71072.00 C AIT1UT2. 45 and T
can be constructed by starting with the interpretation J7,u7;,.4, and then expanding
some XITuT2.A5 for X € sig(T1, Do) \ X. J satisfies 71 U Tz, but refutes Dy C D;.

a

We now provide a full proof of Lemma 4 (and, thus, finish the proof of Part 1 of
Theorem 2).

Lemma 4 Let (7, X) be an £L£-TBox with closed predicates such that safety is violated
by the inclusion C' T Jr.D because 3(s2) holds. Then the disjunction property fails
and there exists an £L-instance query C(a) such that answering C'(a) w.r.t. (T, X) is
coNP-hard.

Proof. Consider the interpretation Zg from the the proof of Lemma 6 and let Ag be the
corresponding ABox. Consider

K ={G|3r.Gesub(T), T =CLC 3r.G}

Since there is no tlc Ir.C’ of C with T |= C' C D, by a result of [14] (Lemma 16),
there exists G € K with 7 = G C D.

Introduce copies X° and X' of any non-X-predicate X . Denote by G® and G the
resulting concept if each non-X predicate X in G is replaced by X and, respectively,
X', Similarly, denote by 7° and 7' the TBoxes obtained from 7 by replacing all
concepts G in T by G° and G, respectively.

Claim 1. Forall G € K: TP UT! j£ G° C DL

Assume Claim 1 does not hold. Let G € K with 7° U T* = G° C D!. By Lemma 3,
there exists a X-concept F suchthat T°UT ! E G C Fand T°UT! = F C DY



Then7T EGC Fand7 = FC D.Wehave 7 =C C 3r.G.Hence 7 = C C Ir.F
and we have derived a contradiction to Condition 3(s2).

By Claim 1 we can take the canonical models Jg := Zyo71 go for any G € K
and obtain for ag := ago that ag € (D1)7¢. Let Ag, s be the X-reduct of the ABox
corresponding to J. We assume that the Ind(A¢ x) are mutually disjoint, for G € K,
and that ag € Ind(Ag,x), forall G € K.

Claim 2. For every G € K, there exist

(1) amodel Z}, of (T, X) and Ag, 5> whose domain coincides with Ind(Ag,x) and
for which ag € GZ& and ag € H 74 implies 7 |= G C H, for all £L-concepts H with
sig(H) Csig(T,C, D);

(2) amodel Z% of (T, X) and Ag, »» whose domain coincides with Ind(Ag x) such
that ag & DZ& and ag € HZ implies 7 | G C H, for all £L-concepts H with
sig(H) C sig(T,C, D).

The interpretation Z, is obtained from J by interpreting all non-X-symbols X €
sig(T,C,D) as X I6 = (XY)7c. The interpretation ZZ is obtained from J¢ by inter-
preting all non-X-symbols X € sig(7, C, D) as XZ& = (X1)7e.

Introduce two copies Ag; y; and A% 5, of Ag, 5, for G € K. We denote the elements
of the first copy by (a, 1), for a € Ind(Ag, s) and the elements of the second copy by
(a,2), fora € Ind(Ag,5). Now define the ABox .A by taking two fresh concept names
A and A, and the union

AsU | AGnUAG 5

GeK

and the additional assertions

r(ac, (ag,1)),r(ac, (ag,2)), for every G € K;
Ai(ag, 1), forevery G € K

Ai(apr), for every tic Ir.D’ of C;

As(ag,2), forevery G € K.

Claim 3.
)T, Ay Ir(AiN D)(ac) Vv Ir.(A2 11 D)(ac).
(2) T, .A %0(2) 37‘.(141' M D)(ac), fori = 1, 2.

(1) is straightforward since 7 = C C Jr.D.

(2) We first show T, A [~ sy 3r.(A2 M D)(ac). The interpretation J showing
this is obtained by expanding all A%:,):’ G € K, to 7% and all Aé’z, G € K, w01}
The ABox Ag is transformed into the interpretation Zg. Using the properties of Z; and
72 from Claim 2, it is readily checked that J is a model of (7, X)) and .A. Moreover,
ac & (3r.(A2 N D)) since (ag,2) ¢ D7 for any G € K (by the properties of Z2
from Claim 2).

We now show T, A f£x Ir.(A; M D)(ac). The interpretation J showing this is
obtained by expanding all A%, 5, G € K, to 7}, and all Ay, 5, G € K, to ZZ. The ABox
Ag is again transformed into Zg. Using the properties of Z, and Z2 from Claim 2, it is



readily checked that 7 is a model of (7, ) and .A. Moreover, ac & (3r.(A; N D))7
since acr & DY for any tlc 3r.C’ of C and since (ag, 1) ¢ DY forany G € K.
The coNP-hardness proof is exactly the same as in Example 1. a

We come to the proof of Part 2 of Theorem 2. We first show (a):

Lemma 10. Let (T, X) be safe. Then CQ answering w.r.t. (T, X) coincides with CQ
answering w.r.t. T without closed predicates for ABoxes that are satisfiable w.r.t. (T, X).

Proof. Let (7, X) be safe. Consider an ABox A that is satisfiable w.r.t. (7, X).

We show that J7 4 is a model of (7, X) and A (from which the lemma follows by
Lemma 7).

To show this, it is sufficient to observe

— ifa € A974 for some a € Ind(A) and A € X, then A(a) € A.

- ifa € (3. T)774 for some a € Ind(A) and r € X, then there exists b € Ind(.A)
with r(a, b) € A.

— if p € Ind(A.) \ Ind(A), then there is no X-concept I # T such that p € FJ7.4,

Point 1 follows from Lemma 7 since A is satisfiable w.r.t. (7, X). For Point 2, assume
this is not the case. Then 7,.A |= 3r.C(a) for some C' such that there does not exist
b € A with r(a,b) € Aand T, A |= C(b). But then, by Lemma 9, there exists m
such that 7 |= C C 3r.C and there is no tlc 3r.C;" ! of C™ with T = C}" ' C
C. If sig(3r.C') C X we have a contradiction to the condition that 4 is satisfiable
w.rt. (T,X). Otherwise, sig(C) € X and we have a contradiction to the assumption
that (7, X)) is safe.

To show Point 3, assume such p and F' exist. Then p = ar,C - - - r,C), for some
a € Ind(A). We assume that no example shorter than p exists. Then r; ¢ Y. By
Lemma7,7,A = 3r1.(C1 M-+ 3r..(Cy, M F)). By construction of J7 4, there is no
b with r1(a, b) € A such that T, A = Cy(b). From

T, AE3Ir.(C1M - Frp.(Cpy N F))(a)

we obtain that there exists m with 7 = C* T 3ry.(C1 M- - - 3r.;.(Cx M F)). Moreover,
there exists no tle C" of CI* with 7 = C' T (Cq M-+ - 3r.,.(Cx M F)). We thus have
derived a contradiction to (7, ') being safe. a

To show Condition (b) for Theorem 2 it now suffices to show:

Lemma 11. Ler (T, X) be safe. Then it can be decided in polytime (data complexity)
whether an ABox A is satisfiable w.r.t a safe (T, X).

To show Lemma 11, we first show:

Lemma 12. [f (T, X) is safe, then there exists an EL-TBox T’ that is equivalent to T
such that for any C C D € T, sig(D) C X orsig(D) N X = .

Proof. We modify the TBox 7 as follows: first, replace any C' C D with D a proper
conjunction of concepts by the set of C T D’ with D’ a tlc of D. Second, replace
recursively,



— any C' C 3r.D such that sig(Ir.D) ¢ X for which exists a tlc Ir.C’ of C' with
T | C' C D by the inclusions C' C D’ with D’ a tlc of D;

— any C C 3r.D withr € X and sig(D) € X by C C Ir.F and F C D’ for every
tle D’ of D, where F'is a X-concept with 7 = C C 3r.F and T = F C D. Such
a X-concept I’ exists by Condition 3(s2).

The resulting TBox 7~ is as required. (]

Now Lemma 11 follows from the observation that 4 is satisfiable w.r.t. a safe
(T, X) iff, for T' of the form above, whenever 7, A |= F(a) forsome C C F € T’
with sig(F') C X, then A |= F(a). This condition can be checked in polytime (data
complexity).

C Proof of Theorem 3

Let (7, X) be a safe DL-Lite-TBox or a safe ££-TBox with closed predicates and let
?(zx) be a CQFO(*), In the following, we will only consider satisfiable ABoxes W.r.t.
(T, X). This is w.l.o.g. because unsatisfiable ABoxes do not affect the results we want
to show (cf. the proofs of Theorem 1 and Theorem 2).

Now the case where ¥(x) is a CQ and (7, X) is a DL-Lite-TBox is covered by
Theorem 1; and the case where ¥(x) is a CQ and (7, X) is an ££-TBox is covered
by Theorem 2. Thus, suppose that ¥(x) is a CQO(¥) that is not a CQ. This means
that there is some conjunct ¢ of ¥(x) that is a complex, i.e., not of the form A(t)
or r(t,t"), domain-independent first-order formula over . W.l.o.g. we assume that
is the only domain-independent first-order formula over X' in ¥(x); because if this is
not the case then we can reorder the conjuncts of ¥(x) so that domain-independent
first-order formula over X’ come before other formulae meaning that the conjunction of
initial formulae over X' is now a domain-independent first-order formula over X itself.

Now if ¥(x) = ¢ then by the domain-independence of ¢ and sig(¢) C X, it
immediately follows that for every satisfiable ABox A w.r.t. (T, X) and every a C
Ind(A), we have

T, A s 9a) iff Iy = pla),

where 7 4 is the interpretation corresponding to .A. Thus, suppose that ¥(x) = Jy . . . Jy, (@A
Y1 A ... Aby), where n > 0, m > 1, and sig(¢y;) N X = P foralli € {1,...,m}.

Note that (i) some of the variables in {y1, . .., y, } may not occur free in ¢ and (ii) some
others from the same set may not occur free in any one of v;. W.l.o.g. let {y1,...,yx}

be the set of variables of type (i), {yx+1,. .., y;} be the set of variables of type (ii), and
{yj+1,-.,yn} be the remaining set of variables, where k < j < n. We rewrite J(x)

to obtain the formula

Y+t Iyn[Tyetr - Ty o Ay Ty A A YR)]

Obviously this formula is equivalent to ¥(x), and 3y; ... Jyr (1 A ... Ahy,) is a CQ.

Thus, we can assume w.l.o.g. that () is of the form Jy; ... 3y, (v A 1), where
the occurrence of each y; is free in both ¢ and 1), ¢ is a domain-independent first-order
formula with sig(p) C X, and v is a CQ with sig(¢)) N X = (.



Let A be a satisfiable ABox w.r.t. (7, %) and let a be a tuple of individual names
from Ind(.A) that is of the same length as . Denote by ¢(a) (¢)(a)) the formula ob-
tained from ¢ (respectively 1) by substituting the occurrence of each free variable from
x by the corresponding individual name from a. ¢(a) and ¥(a) may have more free
variables and these free variables are exactly 1, . .., ¥, in both of these formulae. Us-
ing this fact and the domain-independence of p(a), we conclude

T, A E¢x) 9(a)iff 3b C Ind(A) such that T, A =5y ¢(a,b) A(a,b), (1)

where ¢(a, b) and 1 (a, b) are obtained from ¢(a) and v(a) respectively by substitut-
ing b for y1, ..., y,. Obviously,

Ta A ':c(E) gp(a, b) A 1/’(6% b) iff TaA ':c(E) gp(a, b) and T7A ':c(Z') w(aa b) (@)

Now by the domain-independence of ¢(a,b), sig(w) C X, and the fact that any model
of (7, X) and A agrees on the extension of predicates in X' with Z 4 we obtain

Ta A ':c(E) @(aﬁ b) iff 74 ': (,0(0;7 b) 3)

So far we have assumed that 7 is either a DL-Lite-TBox or an £L-TBox. In the rest
of the proof we will distinguish between these two cases to show the desired results. In
both cases though, we make use of (1), (2), and (3).

C.1 DL-Lite

We know by Lemma 2 and [5] that there is some domain-independent first-order query
1’ such that for every satisfiable ABox A w.r.t. (7T, X) and every a C Ind(A), we have

T, AEs) ¥(a)iff Ty E ¢'[a)]. 4)
Then by (1), (2), (3), and (4), we obtain
T, AEcz) ¢la,b) A(a,b)iff T4 = o(a,b) AV (a, b). (5)
Obviously,
ZaF ¢(a,b) A (a,b) iff Za = 3y, Jyn(p AY)[al. (6)

(1), (5), and (6) now imply the desired result for DL-Lite.

C2 &C
By (1), (2), and (3), we have

T, A sy U(a) iff 3b C Ind(A) such that T4 =5y ©(a,b) and T, A |=.(5) ¥(a, b).

This suggests an algorithm for CQFO(*)-answering in L. In particular, the algorithm

goes through all tuples b C Ind(.A) until one that satisfies T4 = ¢(a,b) and T, A |=¢(x)
¥ (a, b) can be found. There are polynomially many such tuples in the size of the data

since ¢ is fixed, Z4 |= ¢(a, b) can be checked in AC®, and T, A |=(x ¥(a, b) is stan-

dard CQ answering in ££, which can be done in PTIME. Hence for safe ££-TBoxes

with closed predicates, CQFO(*)-answering is in PTIME.



