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Abstract. We study the following question: if 7 is a TBox that is
formulated in an expressive DL £ and all CQs can be evaluated in PTIME
w.r.t. 7, can T be replaced by a TBox 7’ that is formulated in the
Horn-fragment of £ and such that for all CQs and ABoxes, the answers
w.r.t. 7 and 7" coincide? Our main results are that this is indeed the case
when L is the set of ALCHZ or ALCZF TBoxes of quantifier depth 1
(which covers the majority of such TBoxes), but not for ALCHZF and
ALCQ TBoxes of depth 1.

1 Introduction

In ontology-mediated querying, TBoxes are used to enrich incomplete data with
domain knowledge, enabling more complete answers to queries [30, 5, 22]. Since
query evaluation is CONP-hard in the presence of TBoxes formulated in expressive
description logics (DLs) such as ALC and SHZQ [31,23,14], the identification
of computationally more well-behaved setups has been an important goal of
research [1,9, 8,28]. In particular, this has led to the introduction of Horn-DLs,
syntactically defined fragments of expressive DLs that fall within the Horn-
fragment of first-order logic [16,29]. Widely known examples include the fragment
Horn-SHZQ of SHZQ and the corresponding fragment Horn-ALC of ALC [16,
4]. In contrast to the expressive DLs in which they are included, these Horn-DLs
admit the construction of universal models giving exactly the same answers to
queries as the class of all models of a knowledge base. The existence of universal
models can then be used to show that query evaluation is in PTIME in data
complexity, and to design practical query answering algorithms [12, 29, 21]. Thus,
any TBox formulated in an expressive DL that falls within the corresponding
Horn-DL is computationally well-behaved.

In this paper, we ask the converse question, concentrating on conjunctive
queries (CQs): is it the case that every TBox T formulated in an expressive DL
and for which CQ-evaluation is in PTIME is rewritable into a TBox T’ formulated
in the corresponding Horn-DL? If one requires T to be logically equivalent to
T, then the answer is “no” even for the basic expressive DL ALC. But logical
equivalence is an unnecessarily strong requirement in the context of ontology-
mediated querying where it typically suffices to demand CQ-inseparability, that
is, 7 and 7’ should give exactly the same answers to any CQ on any ABox; see



for example [26, 6, 7] for more on CQ-inseparability. For an expressive DL L, we
are thus interested in the following property: we say that rewritability into CQ-
inseparable Horn-TBoxes captures PTIME query evaluation if for every £ TBox
T such that CQ-evaluation w.r.t 7 is in PTIME there exists a Horn-£ TBox T’
such that 7 and 7' are CQ-inseparable. Note that when L satisfies this property,
then one can replace any £ TBox 7T that enjoys PTIME CQ-evaluation by its
rewriting 7’ and take advantage of the algorithms available for CQ-evaluation
w.r.t. Horn-£ TBoxes without affecting the answers to CQs.

The main result of this paper states that rewritability into CQ-inseparable
Horn-TBoxes captures PTIME query evaluation when L is the class of ACCHZF
TBoxes of depth one in which no role is included in a functional role, where
the depth of a TBox is the nesting depth of quantifiers in its concepts. Despite
the restriction to depth one, this result is rather general. We have analyzed 411
ontologies from the BioPortal repository. After removing all constructors that do
not fall within ALCHZF, 385 ontologies had depth 1 (sometimes modulo an easy
equivalent rewriting). Moreover, the pre-processing used in most DL reasoners
transforms an input TBox into a TBox of depth one by structural transformation.
In our proof we show how to construct from a TBox 7 formulated in £ a canonical
Horn-TBox Thorn such that Thepm is a CQ-inseparable rewriting of 7 if and only
if CQ-evaluation w.r.t. 7 is in PTIME. Informally, Thor is constructed by first
normalising 7 and then composing concept inclusions from the concepts in the
normalised TBox. The correctness proof makes use of the fact that for ACCHZF
TBoxes of depth one, CQ-evaluation is in PTIME iff the TBox admits universal
models [15,27].

We then show that this result is optimal in several ways. For example, the
restriction regarding the interaction of role inclusions and functional roles cannot
be dropped since for unrestricted ALCHZF TBoxes of depth one, rewritability
into CQ-inseparable Horn-TBoxes does not capture PTIME query evaluation. We
also show such a negative result for ALCQ TBoxes of depth one. Both results
rely on the unique name assumption, which we generally make in this paper.
Regarding TBoxes of depth larger than one, we remark that it is known that for
ALC TBoxes of depth three rewritability into CQ-inseparable Horn-TBoxes does
not capture PTIME query evaluation [27]; the status of ALC TBoxes of depth
two is open.

Related Work. Rewritability from one language into another has been studied
extensively in description logic. A large body of work investigates (the existence
of ) rewritings of ontology-mediated queries (OMQs) into an FO query or Datalog
query that gives the same answers over all ABoxes [3,4,13]. The main difference
to the work presented in this paper is that both the TBox and the CQ are
given as input whereas in this paper we quantify over all CQs. In [18,17,10], the
authors consider Horn-DL and £L£ rewritability of OMQs with atomic queries.
Also closely related is work on the rewritability of TBoxes formulated in an
expressive DL into a TBox formulated in a weaker DL that is either equivalent
to or a conservative extension of the original TBox [25, 20].



2 Preliminaries

We use the notation from [2]. Let N¢ and Ng be countably infinite sets of concept
and role names, respectively. A role is a role name or the inverse r~ of a role
name r. For standard DLs £ between ALC and ALCHZIQ we define L concept
inclusions (CIs) and £ TBoxes in the usual way. The functionality assertions in
ALCF and its extensions take the form func(r), where r is a role name (a role if
the DL admits inverse roles). Role inclusions (Rls) in ALCH and its extensions
take the form r C s, where r and s are role names (roles if the DL admits inverse
roles). The only non-standard DL we consider is ALCF, which is located between
ALCF and ALCQ and in which one can use in addition to the constructors of
ALC local functionality restrictions of the form (< 1r). In certain normal forms
we also use £LZ concepts which are constructed using T, M, and 3r.C, r a role.

An ABozx A is a non-empty finite set of assertions of the form A(a) and r(a, b)
with A € N¢, r € Ng, and a, b individual names.

Interpretations Z and the extension C7 of a concept C are defined as usual.
An interpretation Z satisfies a C1 C T D if CT C D*, an RI r C s if rZ C sZ, an
assertion A(a) if @ € AT, an assertion 7(a,b) if (a,b) € r, and a functionality
assertion func(r) if 7% is a partial function. Note that we make the standard name
assumption, that is, individual names are interpreted as themselves. This implies
the unique name assumption.

An interpretation Z is a model of a TBox 7T if it satisfies all inclusions and
assertions in 7 and Z is a model of an ABox A if it satisfies all assertions in A.
We call an ABox A satisfiable w.r.t. a TBoz T if A and T have a common model.

The depth of an ALCZ concept is the maximal number of nestings of the
operators 3r.C' and Vr.C' in it; thus 3r.A has depth 1 and 3r.Vr.A has depth 2.
For DLs with number restrictions, nestings of number restrictions also contribute
to the depth. The depth of a TBox is the maximal depth of the concepts that
occur in it.

A Horn-ALCZ CI takes the form L C R, where L and R are built according
to the following syntax rules:

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

A Horn- ALCHZF TBox is a finite set of Horn-ALCZ Cls, Rls, and functionality
assertions. Note that there are several alternative ways to define Horn-DLs [16,
24,12, 19], our definition is from [27]. The results in this paper remain valid under
the alternative definitions.

For a TBox T, ABox A and conjunctive query (CQ) ¢(x) we say that a tuple
a of individuals in A of the same length as x is a certain answer to q(x) over
A w.r.t. T, in symbols T, A |= q(a), if Z = g(a) holds for all models Z of T
and A. The query evaluation problem for T and CQ q is the problem to decide
for an ABox A and a tuple a of individuals from A, whether 7, A = q(a). The
CQ-evaluation problem for T is in PTIME if the query evaluation problem for 7
and ¢ is in PTIME for every CQ g.



The depth of TBoxes will play an important role in this paper. For deciding
satisfiability and subsumption, TBoxes are often normalized to depth 1 in a
pre-processing step. Since we are universally quantifying over all queries when
defining the complexity of a TBox, such normalizations do not work in the sense
that they can change the complexity of the TBox, see [27,15].

To show that a TBox cannot be rewritten into a CQ-inseparable Horn-
TBox, we shall sometimes use products of interpretations; we only need the
product of two interpretations, see [11,25] for the general case. Let Z; and Z, be
interpretations. Then the product 7y x Zy of Z; and Z; is defined by setting

AIl XZo _ AIl % AIz
AT T2 — L(dy dy) | dy € AT, dy € AT2)
1P = {((dy, da), (e1,€2)) | (d1,e1) € 17", (da, €2) € 172}

Lemma 1. Every Horn-ALCHZQ TBox T is preserved under products: if 7,
and Ty are models of T, then Ty X I is a model of T .

3 Horn Rewritability

In this paper, we aim to understand whether and when a TBox formulated in
an expressive DL can be replaced with a TBox formulated in the corresponding
Horn-DL (e.g. an ALCHZF TBox by a Horn-ALCHZF TBox) without changing
the answers to CQs. Following [26, 6, 7], TBoxes 71 and T3 are CQ-inseparable
if for all CQs ¢, all ABoxes A, and all tuples a of individual names in A we
have 71, A = q(a) iff T2, A = q(a). We say that rewritability into CQ-inseparable
Horn-TBozes captures PTIME query evaluation for a DL L if for every £ TBox
T such that CQ evaluation w.r.t. 7 is in PTIME, there is a Horn-£ TBox 7" such
that 7 and 77 are CQ-inseparable. The following example shows that rewritability
into a CQ-inseparable Horn-TBox is a weaker notion than rewritability into a
Horn-TBox that is logically equivalent.

Ezxample 1. Consider the Horn-ALC TBox
T = {HT(A Mn—-B ﬁE) C HT.(ﬁA M—-BT ﬁE)}

It is easy to see that for any CQ ¢(x), ABox A, and tuple a of individuals from A4,
we have T, A = q(a) iff §, A |= g(a). Thus, CQ evaluation w.r.t. 7 is in PTIME
(actually in AC?). T is, however, not equivalent to any TBox preserved under
products: consider interpretations Z; and Z, with AT = {0,1}, 7% = {(0,1)},
and AT = {1} for i = 1,2, but BX+ = {1}, EX* = (), B2 = (), and E2 = {1}.
Then Z; is a model of T for i = 1,2, but Z; x Zy is not. Consequently, 7 is not
equivalent to any Horn-TBox.

We shall make use of several characterizations of CQ evaluation w.r.t. a TBox
being in PTIME that have been obtained in [15]. A TBox T is materializable if for
any ABox A that is satisfiable w.r.t 7 there exists a model Z of 7 and A such that



for all CQs ¢(x) and all tuples a of individuals in A, T, A = q(a) iff T E q(a).
T has the disjunction property for CQs if for any ABox A, CQs q1,--.,q, and
tuples a1, ..., a, of individuals in A, 7, A =/, ., ¢i(a;) implies that there is
a j with 7, A |= g;(a;). An ontology-mediated query (OMQ) is a pair (T, q) with
T a TBox and ¢ a CQ. A Datalog? program is a Datalog program that admits
inequalities in the body of its rules. We say that (T, q) is Datalog” rewritable
if there is a Datalog”-program IT such that for any ABox A and tuple a of
individuals in A, T, A = q(a) iff A = II(a).

Theorem 1. [15] The following conditions are equivalent for all ALCHIF
TBoxes T of depth 2 and all ACCHZQ TBozes T of depth 1:

1. CQ evaluation w.r.t. T is in PTIME;

2. T is materializable;

8. T has the disjunction property for CQs;

4. For every CQ q, the OMQ (T, q) is Datalog” rewritable.

Otherwise, CQ evaluation w.r.t. T is CONP-hard.
Theorem 1 is optimal in many ways. For example, the following is shown in [15]:

— the equivalence of Datalog7-rewritability and PTiME CQ evaluation does
not hold for ALCF, TBoxes of depth 2 and ALC TBoxes of depth 3.

— there are ALCZQ TBoxes T of depth 2 such that CQ-evaluation w.r.t. 7 is
neither in PTIME nor cONP-hard.

4 Negative Results

It follows from results in [15] that there are DLs in which rewritability into
CQ-inseparable Horn-TBoxes does not capture PTIME query evaluation. In fact,
we have seen above that there are ALCF, TBoxes of depth 2 and ALC TBoxes
of depth 3 such that CQ evaluation w.r.t. 7 is in PTIME but not every OMQ
(T, q) is Datalog”-rewritable. On the other hand, it is well known that every
OMQ (T,q) with T a Horn-ALCHZQ TBox is Datalog”-rewritable [15]. We
thus obtain the following.

Theorem 2. For ALCF; TBoxes of depth 2 and ALC TBoxes of depth 3,
rewritability into CQ-inseparable Horn-TBozxes does not capture PTIME query
evaluation.

We next prove a negative result for ALCQO TBoxes of depth 1. Note that by
Theorem 1, any ALCQ TBox T of depth 1 such that CQ evaluation w.r.t. T
is in PTIME is rewritable into Datalog”. We thus need a different argument as
in the proof of Theorem 2. This argument is based on products and actually
establishes a stronger statement than aimed at, implying for example that not
even rewritability into CQ-inseparable Horn-FO TBoxes captures PTIME query
evaluation.



Theorem 3. For ALCQ TDBoxes of depth 1, rewritability into CQ-inseparable
Horn-TBoxes does not capture PTIME query evaluation.

Proof. Consider the TBox 7 = {(> 3r) C A}. It is easy to show that 7T is
materializable. Thus, by Theorem 1, CQ evaluation w.r.t. 7 is in PTIME. Assume
that 7 is CQ-inseparable from a TBox 7'. We show that 7" is not preserved under
products and thus not a Horn-ALCQ TBox. We have 7' = (> 3r) C A since,
for A = {r(a,b1),7(a,b2),r(a,bs)}, we have T, A = A(a) and thus 7', A E A(a).
We also have 7’ £ (> 2r) C A since, for A = {r(a,b1),7(a,b2)}, we have
T, A~ A(a) and thus 7', A = A(a). Take a model Z of T’ with d € (> 2r)T but
d ¢ AT. Then (d,d) € (> 3r)2*% and (d,d) ¢ AT*Z. Thus Z x 7 is not a model
of T'. O

We now prove a similar negative result for ALCHZF TBoxes of depth 1.

Theorem 4. For ALCHIZF TBozes of depth 1, rewritability into CQ-inseparable
Horn-TBoxes does not capture PTIME query evaluation.

Proof. Let T be the ACCHZF TBox that states that role names s; and sy are
functional and contains the RIs » C s; and r C s9 and the CIs

381.(31 [ Bg) C3arT
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We first show that 7 is materializable and so, by Theorem 1, CQ evaluation
w.r.t. 7 is in PTIME. Let A be an ABox. Due to the disjunction in the final CI, we
have to distinguish two kinds of individuals @ when constructing a materialization
of A. Informally:

— if @ has distinct s1- and sa-successors, then a having an r-successor contradicts
the role inclusions and s, s3 being functional and thus we want to make B
true at a;

— if a has a common s;- and sg-successor, then Jr. T is implied at a.

Formally, we construct the materialization of A as follows. Whenever a has both
an sp-successor and an sp-successor, then add B; to all its s;-successors, @ € {1, 2}.
Next, for any a that has an sq-successor b in By M Bag, add r(a,b) and s2(a,b) to
the ABox. Denote the resulting ABox by A’. If s; or s3 are not functional in A’,
then A is not satisfiable w.r.t. 7. Otherwise, a materialization is obtained by
adding B(a) whenever a has distinct s;- and ss-successors.

Assume that 77 is CQ-inseparable from the TBox 7. We show that 7 is not
preserved under products, thus not a Horn-ALCHZF TBox. Let

A = {s1(a,b1), s2(a,b2)}, Az = {s1(a,b),s2(a,b)}.

Then 7, A; | B(a) and T, Az = 3r.T(a), but T, A1 = Ir.T(a) and T, Ay |~
B(a). Because of CQ-inseparability, the same hold when T is replaced with 7.
Take a model Z; of 77 and A; with a ¢ (3r.T)?* and a model Z; of 77 and As
with a ¢ B%2. Then Z; x I, is a model of A; (for a identified with (a,a), by
with (by,b) and by with (ba,b)). However, we do not have a € BT1*%2 and since
T', A1 = B(a) it follows that Z; x Z5 is not a model of 7. O



5 Horn Rewritability in ALCHIF

We introduce a mild restriction on ALCHZF TBoxes regarding the interaction
between Rls and functionality assertions and show that this restriction is sufficient
to overcome the negative result stated in Theorem 4. Notably, the restricted
form of ALCHZF TBoxes encompasses both (unrestricted) ALCHZ TBoxes and
ALCTZF TBoxes.

An ALCHIFS! TBox is an ALCHIF TBox T such that whenever r C s € T,
then neither s nor s~ are functional in 7. The aim of this section is to prove the
following result.

Theorem 5. For ACCHIFS' TBozes of depth 1, rewritability into CQ-in-
separable Horn-TBozes captures PTIME query evaluation.

We start by introducing a normal form for ACLCHZF TBoxes of depth 1. A literal
is a concept name or a negation thereof. A CI C'C D is in normal form if

1. C is an £LZ-concept of depth 1;
2. D is a disjunction of
— concept names;
— concepts dr.E with E a conjunction of literals;
— concepts Vr.E with E a disjunction of literals that contains at least one
positive literal.

We set C' = T if C is the empty conjunction and D = L if D is the empty
disjunction. Given a set F of functionality assertions func(r), we can normalise
CIs further by demanding that in C C D for each r such that func(r) € F:

— any Jr.D’ in D contains only positive literals;
— if there exists an 3r.C” in C, then this is the only occurrence of r in C C D;
— if there exists a Vr.D’ in D, then this is the only occurrence of r in C C D.

We then call C C D in normal form relative to F. An ALCHZIF TBox T is
in normal form if all its CIs are in normal form relative to the functionality
assertions in 7. The following result is shown in the full version of this paper
available at http://cgi.csc.liv.ac.uk/ frank/publ/publ.html.

Lemma 2. Every ACCHIF=! TBox T of depth 1 can be converted into a
logically equivalent ALCHIFS! TBoz T in normal form. T is of size at most
single exponential in |T|.

Ezxzample 2. The TBox T from Example 1 can be transformed into the TBox
T ={3r ACIr(-AN-BN-E)UVr.(A— BUE)},
which is in normal form. If r is functional, one obtains {T C Vr.(A — BU E)}.

We now identify a basic yet crucial property of ALCHZF=/ TBoxes T. For
any ELT concept C' of depth 1 that contains at most one conjunct of the form
Jr.C’ per functional role r one can define in a straightforward way a tree-shaped
ABox A¢ of depth 1 with root po that corresponds to C. For example, when
C =3r.TMN3s.(ANB) then Ac = {r(pc, 1), s(pc,b2), A(bz), B(bz)}. Then one
can prove the following:



Lemma 3. For every ALCZ-concept D, T =CC D iff T,Ac = D(pc).

Note that Lemma 3 fails for unrestricted ALCHZF TBoxes. Consider for example
the TBox 7 and ABox A; from the proof of Theorem 4 and let C 4, be A; viewed
as an £L-concept. Then T = Cy, T B, but 7, A; = B(a).

We next introduce some preliminaries needed for constructing the desired
Horn-ALCHIFE' TBoxes that are CQ-inseparable from a given ALCHIF=!
TBox of depth 1. For any conjunction or disjunction of literals E, we use pos(F)
to denote the set of concept names A in F and neg(E) to denote the set of
concept names A such that —A in E. If Vr.E is a universal restriction with F
a disjunction of literals that contains at least one positive literal, then a Horn
specialization of Vr.E is a concept Vr.E’ where E’ is obtained from E by dropping
all but one positive literal. Note that any Horn specialization can be written in
the form Vr.(A; M --- M A, — A).

For an ALCHIF=' TBox T in normal form, we use Ly to denote the set of

— concept names or existential restrictions that occur on top-level on the
left-hand side of some CI in T;

— concepts Jr.neg(E) such that there is a CI in 7 whose right-hand side contains
a disjunct Vr.E.

A set S C Ly is a trigger for a C1 C C D € T if S contains all top-level
conjuncts of C' and all Ir.neg(E) with Vr.E a disjunct of D. For a trigger S, we
denote by Cs the conjunction of all concept names in S, all existential restrictions
Ir.C" € S with r not functional, and all 3r.(C1M- - -MC),) where r is functional and
Cq,...,C, is the set of all concepts such that Ir.C; € S. Foreach CICC D € T
and trigger S for it, we define a set Horn(C C D, S) of Horn-ALCHIF=! Cls.
As a special case, Horn(C C D, S) is {Cs C L} if T = Cg C L. Otherwise,
Horn(C C D, S) consists of the following CIs whenever they are a consequence of

T:

— Cg C A with A a concept name in D;

— Cs C Rwith R =Vr.(4;M---MA, — A) a Horn restriction of some universal
restriction in D;

— Cg C Jr.pos(E) with Ir.E an existential restriction in D such that T [
Cgqg C —3r.E.

Define a Horn-ALCHZF TBox Thorn as the union of all functionality assertions
and Rls in 7 and

Horn(C C D, S)
CCDEeT, S trigger for CCD

Observe that, by construction, 7 = Thorn-

Ezample 3. For the TBox T’ from Example 2 we have L = {3r.A,3Ir. T} and
thus {3r.A} is the only trigger for Ir.A C Fr.(mAN-BN-E)UVr.(A — BUE) up
to logical equivalence. Thus, 7., = {3r.A C 3r. T} which is logically equivalent
to the empty TBox.



Now, Theorem 5 is a consequence of Theorem 1 and the “(1.) = (3.)” part of
the following result.

Theorem 6. Let T be a ALCHIF=! TBoz in normal form. Then the following
conditions are equivalent:

1. T has the disjunction property for CQs;
2. for every C C D € T and trigger S for C C D, Horn(C C D, S) # (.
3. T and Thorn are CQ-inseparable.

Proof. (3) = (1.) follows from Theorem 1 since CQ-evaluation is in PTIME if T
and Thorm are CQ-inseparable.

(1.) = (2.). Assume T has the disjunction property for CQs and assume that
there are C C D € T and a trigger S for C C D such that Horn(C' C D, S) = 0.

Let Ay,..., Ay, Ir1.Eq, ..., 3r,. By, and Vsy . FY, ..., Vs, F), be the disjuncts
of D such that T £ Cs C —3r;.E; for 1 < i < n. Let Ac, be Cg viewed as an
ABox with root ag, and let aq, ..., a,, be the individuals in A¢, introduced for
the existential restrictions 3s;.neg(F;) in Cs. By Lemma 3, we have:

T,Acs E \/ Ai(ag) V \/ 3r;.pos(E \/ \/ A(a;).

i=1..k i=1l..n i=1..m A€pos(F;)

By the disjunction property for CQs of 7 and Lemma 3 at least one of the
disjuncts F'(a) is entailed. We obtain:

— if F(a) = A;(ag) then T = Cs C Aj;
— if F(a) = A(a;) for some A € pos(F;), then T = Cs C Vs;.(neg(F;) — A);
— if F(a) = 3r;.pos(E;)(ag), then T | Cg C Ir;.pos(E;).

In each case, we obtain an « € Horn(C C D, S) and thus derive a contradiction.

(2.) = (3.). Assume (2.) holds. It suffices to show that for every ABox
A the following holds: if A is satisfiable relative to Tpom, then there exists a
materialization U of A and Ty, that is a model of T. U is constructed using
the following set R of chase rules:

1. if (d,e) € rT and r C s € T, then add (d,e) to s%;

2. ifde CT and C T A € Thom, then add d to AZ;

3.ifd € CT and C C R € Thor for R=Vr.(A;M---M A, — A), then add e to
AT whenever (d,e) € r¥ and e € (A1 1 --- 1 A,)E.

4. if d € CT and C C 3r.pos(E) € Thor then (i) if r is functional and there
exists e with (d,e) € r% add e to FZ for all concept names F in pos(E) and
(ii) otherwise take a fresh element e, add (d,e) to 77 and add e to FZ for
all concept names in pos(E). This rule is applied at most once for any pair
(d,3r.E) with Ir.E on the right hand side of a CI in Thorm-

The element e required by this rule is called the witness for Ir.E at d.



The interpretation U is the limit of the sequence Zy,Z1,... obtained from the
interpretation Zy corresponding to the ABox A by applying the rules in Ry in a
fair way. It is standard to prove that U is a materialization of A and Tyorm if A
is satisfiable w.r.t. Tpom (here one uses that 7 does not contain any functional
roles s with 7 |=r C s for an r # s).

Our aim now is to prove that U is a model of 7. We proceed in two steps.
Let d € AY and assume that the chase introduces e as a witness for Ir.F at d.
We say that this witness has been invalidated if e ¢ E4. Observe that if r is a
functional role then for any C' C 3r.pos(E) € Thorn we have E = pos(E). Thus for
functional roles r no witnesses for 3r.F can be invalidated. For an interpretation
7 and d € AT we denote by eltp/, (d) the set of all F' € Ly such that d € FZ.

Claim 1. If the witness for Ir.E at d was invalidated, then Thor = Cs E =3r.E
for S = eltp/, (d).

For the proof of Claim 1, denote by A¢ the ABox with root pg corresponding
to Cs. Denote by Ag’;pos(E) the extension of Ac, with a fresh individual e and
fresh assertions r(pp,e) and A(e) for A € pos(E). We now apply the chase

procedure for Tpom to .Agf;pos(E) rather that A and obtain a materialization U’

of Aggpos(E) and Thorn. Using the fact that the CIs of Ty have depth 1 and the
condition that the witness for dr.F at d was invalidated in the chase applied to

A one can readily show that it is invalidated in Aggpos(E) as well. Thus e ¢ EY
and it follows with Lemma 3 that Thom = Cs C —3r.E.

Claim 2. U is a model of T.

Let C T D € T and d € CY. We show that d € DY. For a proof by
contradiction assume that this is not the case. Then the set S = elth,-(d) is a
trigger for C' C D. By (2.) there exists o € Horn(C C D, S). We obtain that at
least one of the following holds:

1. there is a concept name A in D such that T = Cg C A. Then Cs C A € Thom
and so d € AY. Thus d € DY and we have derived a contradiction.

2. there is a universal restriction R = Vr.(A; M ---M A, — A) that is a Horn
restriction of some universal restriction in D such that 7 = Cs T R. Then
Cs T R € Tiom and so d € RY. Thus d € DY and we have derived a
contradiction.

3. there is an 3r.F in D such that 7 = Cg C 3r.pos(E) and T ¥~ Cs C —3r.E.
Then there exists e € AY with (d,e) € ¥ such that e € pos(E)¥. By Claim 1,
the witness e for 3r.E at d was not invalidated. Thus d € (Ir.E). Hence
d € DY and we have derived a contradiction.

This finishes the proof of Theorem 6. a

The following example shows that Thorm can be of exponential size in |7 even if
redundant Cls are removed.



Ezxample 4. Let T™ contain

B; CVs.A; Jr. T C 3s.T

Bi E V814Z Ir. T E Al I_, E|S._|Ai

1<i<n

where 1 <4 < n. The TBox 7,7, is obtained from 7,, by replacing the final CI
by the set of Cls

dr. T M |_| CZ E A

1<i<n

where C; € {Bz,BZ} Then 7.7, and 7" are CQ-inseparable and 7.7  is of
exponential size in |77
Clearly, the TBoxes 7, . can be equivalently expressed by Horn-TBoxes of
polynomial size in |[T™| by introducing disjunctions on the left-had side of
CIs. In fact, it remains open whether for every ACLCHZF=! TBoxes in normal
form for which CQ-evaluation is in PTIME there exists a CQ-inseparable Horn-
ALCHIFE! TBox of polynomial size.

6 Conclusion

We have shown that rewritability into CQ-inseparable Horn-TBoxes captures
PTIME query evaluation for ALCHZF TBoxes of depth 1 in which no role is
included in a functional role. Interestingly, this result also implies that CQ-
inseparable rewritability into Horn-TBoxes is decidable and EXPTIME-complete
for such ALCHIF TBoxes since it is shown in [15] that deciding whether CQ-
evaluation is in PTIME for ALCHZF TBoxes of depth 1 is EXPTIME-complete.
We have also shown that for arbitrary ALCHZF and ALCQ TBoxes of depth 1,
rewritability into CQ-inseparable Horn-TBoxes does not capture PTIME query
evaluation. These negative results depend on the unique name assumption we
make in this paper. In fact, it is not difficult to see that CQ-evaluation is CONP-
hard for the TBoxes used in the proofs of Theorems 3 and 4 and so they cannot
serve as counterexamples anymore. We conjecture that without the unique name
assumption one can generalize our positive result and show that rewritability
into CQ-inseparable Horn-TBoxes captures PTIME query evaluation for arbitrary
ALCHIQ TBoxes of depth 1. Observe that for TBoxes not using functional roles
or qualified number restrictions CQ-evaluation does not depend on whether one
makes the unique name assumption or not. Thus, the negative result that for
ALC TBoxes of depth 3 CQ-inseparable Horn-TBoxes do not capture PTIME
query evaluation does not depend on the unique name assumption. It remains an
interesting open question whether rewritability into CQ-inseparable Horn-TBoxes
captures PTIME query evaluation for ALC or ALCZ TBoxes of depth 2.
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