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Abstract

The Beth definability property, a well-known property from classical logic, is inves-
tigated in the context of description logics: if a general .Z-TBox implicitly defines an
Z-concept in terms of a given signature, where . is a description logic, then does there
always exist over this signature an explicit definition in .Z for the concept? This property
has been studied before and used to optimize reasoning in description logics. In this paper
a complete classification of Beth definability is provided for extensions of the basic descrip-
tion logic ALC with transitive roles, inverse roles, role hierarchies, and/or functionality
restrictions, both on arbitrary and on finite structures. Moreover, we present a tableau-
based algorithm which computes explicit definitions of at most double exponential size.
This algorithm is optimal because it is also shown that the smallest explicit definition of an
implicitly defined concept may be double exponentially long in the size of the input TBox.
Finally, if explicit definitions are allowed to be expressed in first-order logic, then we show
how to compute them in single exponential time.

1. Introduction

We address the Beth definability property (Beth, 1953) in the context of description logics
(DLs). The Beth definability property relates two notions of definability in a logic .2,
implicit definability and explicit definability. Implicit definability is a semantic notion: it
asks whether the interpretation of a given .Z-formula ¢ is fully determined by the universe
of discourse and the interpretation of some given predicates ¥ in all models of a theory
T. Explicit definability on the other hand is more syntactic: it asks whether there is some
Z-formula 1) over the set of predicates ¥ that is equivalent to ¢ under 7. Clearly, explicit
definability implies implicit definability. If the converse holds as well, then the logic .Z is
said to have the Beth definability property. Logics having this property are considered to be
well-balanced in terms of their syntax and semantics since it connects the model-theoretic
notion of implicit definability to explicit definability.

The Beth definability property can be naturally formulated for DLs by slightly chang-
ing the terminology in the paragraph above: formulas become concepts, theories become
TBozes, and ¥ consists of unary and binary predicates (respectively called concept names
and role names).
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Example 1.1. Consider the following ALC-TBox T .

Parent = dJhasChild. T
Parent = Father LI Mother
Father C Man

Mother T Woman

Man C —Woman

The concept name Mother is implicitly definable from ¥ = {hasChild, Woman} under T.
Precisely what we mean by this will be clear once we present Definition [{.1]; intuitively, we
mean that the instances of Mother in a model Z of T can be exactly determined once we know
the domain of Z and the instances of ¥ in L. In fact, we can spell this implicit definition out
as the ALC-concept Woman M dhasChild. T. This concept is an explicit definition of Mother
from ¥ under T because T }= Mother = Woman 1M 3hasChild. T (c¢f. Definition[4.5).

Beth definability in DLs has found applications in optimizing reasoning. The first ap-
plication is related to extracting an equivalent acyclic .Z-terminology from a general TBox
in £ (Baader & Nutt, 2003; ten Cate, Conradie, Marx, & Venema, 2006). An acyclic
terminology consists only of acyclic definitions for concept names and they are of particular
interest because reasoning with them is ‘easier’ than with general TBoxes. For example, sat-
isfiability of an ALC-terminology is a PSPACE-complete problem whereas the same problem
for general ALC-TBoxes is EXPTIME-complete (Donini, 2003). The second application is
related to an ontology-based data access setting, which assumes the existence of a database
instance (also referred to as ‘DBox’ in this context) and a TBox that may speak about
more predicates than the database instance (Seylan, Franconi, & de Bruijn, 2009). In this
setting, the user may ask concept queries over the signature of the TBox; and the idea is
to find an equivalent rewriting of the original query in terms of the predicates that appear
in the DBox. If such a rewriting exists, then determining the certain answers of the query
can be reduced to query answering in relational databases, which is known to be in AC? in
data complexity in contrast to the general CONP-completeness of concept querying in ALC
with DBoxes (Seylan et al., 2009).

Both of these applications involve computing explicit definitions on the basis of implicit
definitions. Here, the problem is that this may not always be possible for some DLs, i.e.,
some DLs may lack the Beth definability property.

Example 1.2. In this example, we model a scenario about cars, their owners, and the
relationships between the owners and their cars. Consider the following ALCH-TBox T
consisting of the concept inclusion axioms

SportsCar C Car

FuelEfficientCar C Car

SportsCar C - FuelEfficientCar

—JproudOwner.Car C  (Vloves.SportsCar M —Jowns.SportsCar)) LI

(Vloves.FuelEfficientCar M —Jowns.FuelEfficientCar))

and the role inclusion axioms

proudOwner
proudOwner

owns
loves

111

348



BETH DEFINABILITY IN EXPRESSIVE DESCRIPTION LOGICS

The concept IproudOwner.Car is implicitly definable from ¥ = {owns, loves} under T, in the
sense that the instances of dproudOwner.Car in a model T of T can be exactly determined
once we know the domain of I and the instances of the roles in 3. Indeed, an individual
is a proud owner of a car if and only if the individual owns something that he/she loves.
The fact that the left-to-right direction of this equivalence holds in every model of T follows
immediately from the role inclusion axioms, and similarly, the fact that the (contrapositive
of the) right-to-left direction holds in models of T follows immediately from the other TBox
axioms. This implicit definition can be made explicit using the role conjunction operator
as the concept I(owns M loves). T. However, it can be shown that no ALCH-concept is an
explicit definition of dproudOwner.Car from X under T. We will not formally prove this
here, but see the proof of Theorem[{.18 in Section[{.] for a similar example. In particular,
this shows that ALCH lacks the Beth definability property.

A natural research agenda in this case is to identify DLs that have the Beth definability
property. Since this property is useful for computing explicit definitions on the basis of
implicit definitions, a vital question then is the complexity of this task, both in terms of
the time needed to compute the explicit definitions, and in terms of the size of the explicit
definitions obtained. This question was first studied by ten Cate et al. (2006) for a weaker
Beth definability property, which considers only concept names in the signature. In this
paper we are interested in the more general Beth definability property that takes into
account role names in the signature. We believe that this is more natural for DLs because
in a DL knowledge base, role names are considered to be a part of the signature. We present
a worst-case optimal algorithm for constructing explicit definitions.

Since the work of Craig (1957), it has been customary to establish Beth definability
via an interpolation theorem; and our work is no exception. In particular, we obtain our
positive results on Beth definability through a worst-case optimal algorithm for constructing
interpolants in the description logics that we consider.

Our contributions in this paper are as follows.

e We obtain a complete classification of the Beth definability property for extensions
of ALC with transitive roles, inverse roles, role hierarchies, and/or functionality re-
strictions, both on arbitrary structures (BP) and on finite structures (BPF). These
results are summarized in Table 1| Note that the finite model property (FMP) of all
sub-logics of SHOQ is shown by Lutz, Areces, Horrocks, and Sattler (2005); FMP
of all sub-logics of SHZO, by Duc and Lamolle (2010); and the failure of FMP in
ALCFZ and all its extensions is well-known (cf. Calvanese & Giacomo, 2003).

e We present a constructive algorithm based on an interpolating tableau calculus to
compute explicit definitions in ALC and all of its considered extensions having the
Beth definability property. This algorithm runs in double exponential time and com-
putes in the worst case an explicit definition of double exponential size if the concept
is implicitly definable. In this respect, the algorithm is optimal because we also show
that the smallest explicit definition of an implicitly defined concept may be double
exponentially long in the size of the input TBox for each of these DLs.

e We consider the case where explicit definitions are allowed to be expressed in first-
order logic. This is particularly relevant for the use case for computing certain answers
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S H I F | FMP BP BPF
+ + 4+
el + + 4+
+ 4+ 4+
° - + -
° —+ - -
o o + - -
° + - -
° ° - - -
. + + +
. . + + 4+
. + 4+ 4+
° ° - + -
° ° + - -
° ° ° —+ - -
° ° —+ - -
° ° ° - - -

Table 1: BP and BPF from ALC to SHZIF

of a query given a DBox and a TBox. We present an algorithm that computes a first-
order explicit definition of an implicitly defined concept in single exponential time for
all DLs with BP or BPF.

1.1 Related Work

The Beth definability property, in the general sense, has been first shown to hold for first-
order logic (Beth, 1953). Beth definability comes in different flavors and the one we are
interested in is related more to projective Beth definability. Here, projective refers to the
ability to specify the set of predicates Y. The projective version is known be stronger than
Beth’s original formulation (cf. Hoogland, 2001) and first shown to hold for first-order logic
by Craig (1957). Since the seminal works of Beth and Craig, Beth definability has been
studied for many other logics.

Lang and Marquis (2008), also motivated from AI, study the propositional variant. The
modal and temporal variants have been extensively studied (cf. Gabbay & Maksimova,
2005). The k-variable fragment of first-order logic, for £ > 2, is known to lack the Beth
definability property, whereas the Guarded and Packed Fragments satisfy a non-projective
version of the Beth property (cf. Hoogland, 2001). The guarded-negation fragment was
recently shown to have the Beth definability property as well (Béardny, Benedikt, & ten
Cate, 2013).

Beth definability has practical applications in relational databases for query rewriting
using exact views (Nash, Segoufin, & Vianu, 2010; Afrati, 2011; Marx, 2007; Pasaila, 2011;
Béarany et al., 2013). Here, the idea is to decide if the answers to a given query can be inferred
from the content of a collection of views (that is, whether the theory consisting of the view
definitions implicitly defines the query in terms of the view predicates), and, if this is indeed
the case, to rewrite the query into a query over the schema consisting of the view predicates
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(that is, an explicit definition of the query in terms of the view predicates). View-based
query rewriting naturally arises in various settings, including query optimization, querying
under access restrictions, data integration, and privacy analysis.

Beth definability has also been studied in the DL literature. Similarly to the relational
database case, it finds applications in computing explicit definitions on the basis of implicit
definitions (Baader & Nutt, 2003; ten Cate et al., 2006; Seylan et al., 2009; Seylan, Fran-
coni, & de Bruijn, 2010). Some of these papers also present results on the size of explicit
definitions that can be obtained for implicitly defined concepts. Ten Cate et al. establish
a single exponential lower bound and a triple exponential upper bound for ALC. It is not
hard to see that the lower bound proof by ten Cate et al. carries to the Beth definability
property we consider. A matching single exponential upper bound on the size of explicit
definitions was claimed to be established by Seylan et al. (2010) in Theorem 1; however,
this theorem is wrong since a crucial step for its proof, namely Lemma 1, is erroneous.
In this paper, we improve the single exponential lower bound of ten Cate et al. to double
exponential and correct the single exponential upper bound of Seylan et al. to double expo-
nential, thus obtaining tight complexity bounds. These bounds in DLs are in sharp contrast
to first-order logic since there is no recursive bound on the minimal number of quantifier
alternations in explicit definitions in first-order logic (Friedman, 1976). BP has been first
shown to hold for ALC by Seylan et al. (2009) and it is stronger than the variant studied by
ten Cate et al.. Specifically, we show that all DLs we consider that support role hierarchies
actually lack BP, whereas they satisfy the variant of BP studied by ten Cate et al.. In this
respect, Theorem 10 by Seylan et al. (2010) claiming that these DLs have BP is erroneous.
The mistake in the proof is that Theorem 9, which presents a reduction from the concept
satisfiability problem w.r.t. TBoxes in SHZ to the same problem in ALC, can not actually
be used for computing SHZ-interpolants.

Since the work of Craig (1957), it has been customary to establish Beth definability
via an interpolation lemma; and our work is no exception. An interpolation lemma is
usually established by a model-theoretic or a proof-theoretic argument (Hoogland, 2001).
The advantage of the latter over the former is that it yields a procedure to construct the
interpolant. Several interpolation properties formulated for general TBoxes were studied
in the ALC- (ten Cate et al., 2006; Ghilardi, Lutz, & Wolter, 2006; Konev, Lutz, Walther,
& Wolter, 2009a; Seylan et al., 2009; Konev, Lutz, Ponomaryov, & Wolter, 2010; Lutz
& Wolter, 2011) and £L-family of DLs (Konev, Walther, & Wolter, 2009b; Lutz, Piro,
& Wolter, 2010; Nikitina & Rudolph, 2012; Lutz, Seylan, & Wolter, 2012a). A notable
variant is the uniform interpolation property. A uniform interpolant of a given .Z-TBox
T and a set of predicates X is another .Z-TBox 7" such that 7’ uses only predicates from
¥ and the logical consequences of T and 7' formulated over ¥ coincide. In this paper,
we do not consider uniform interpolation because it is not the right interpolation property
for establishing tight bounds on the size of explicit definitions. This is witnessed by the
following observations. Deciding the existence of a uniform interpolant for a given ALC-
TBox and a set of predicates is known to be 2-EXPTIME-complete (Lutz & Wolter, 2011),
whereas the same problem formulated for the interpolation property we study here is in
ExPTIME. In the simpler DL £L£, uniform interpolants are also more ‘expensive’ than the
non-uniform ones. In particular, deciding the existence of uniform interpolants in £L is
ExpTiME-complete (Lutz et al., 2012a); and Nikitina and Rudolph (2012) establish triple
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exponential tight bounds on the size of uniform interpolants. On the other hand, deciding
the existence of interpolants, as we consider in this paper but for the description logic £L,
is in PTIME because this problem can be reduced to concept subsumption w.r.t. a TBox in
EL by Lemma 3 of Lutz, Seylan, and Wolter (2012b).

Most of the results in this paper were announced by ten Cate, Franconi, and Seylan
(2011) in an extended abstract. The current paper extends this work by full proofs of the
claimed results and the new material in Section [£.4]

1.2 Outline

We start by introducing in Section [2| the DLs for which we study BP and some reasoning
problems that are relevant for us in this paper. We also fix in this section our first-order
notation and the standard translation of DLs to first-order logic. We will be using first-
order logic extensively in Section [3.3] The hammer with which we nail all the positive
results, i.e., +, to the columns BP and BPF in Table [I| is a worst-case optimal algorithm
for constructing interpolants. Section [3|is dedicated to this interpolation result. Finally, all
our results about BP are presented in Section [d] Since the interpolation results are used to
prove BP, Section [3] naturally comes before Section [4], but the reader who is less interested
in the interpolation results may prefer to skip Section [3]initially.

2. Preliminaries

In this section, we introduce the description logics that we will study. They are frequently
used logics in the expressive ALC-family of description logics.

2.1 Description Logics

Let No and Np be countably infinite and mutually disjoint sets of concept names and
role names, respectively. For reasons that will become clear in a moment, we also assume a
countably infinite subset of Ng, denoted by Np+, where Np\ Np+ is also countably infinite.
The role names in Np+ are, intuitively, designated as being transitive, and are allowed to
be used only in description logics with transitive roles. An element of No or Npg is also
called a predicate, and a set 3 C No U N of concept and role names is called a signature.

To ease the exposition, we first introduce the description logic ALCFZ, and we then
define the other description logics that we study. The concept language of ALCFZ is defined
as follows:

Concepts: c,D == T | A|-C|CnD | 3RC | <I1R
Roles: R n= P | P~

where A € Nog and P € N \ Np+. The concept constructors L, U, VR.C, and > 2R
are defined as abbreviations in the usual way. Also, by a slight abuse of notation, we will
sometimes write (P~)~, for P € Ng, in which case it refers to the role name P itself. An
ALCFI-TBozx T is a finite set of concept inclusion axioms (CIAs) C' C D, where C and D
are ALCFTI-concepts.

The semantics of ALCFZ-concepts and roles is given in terms of interpretations. An
interpretation is a pair 7 = <AI, ‘I) where AT is a non-empty set called the domain of
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TI — AI’
(O = AT\CE,
(cnbDY = ctnD?,
(AR.C)T = {s € AT |there exists t € AT such that (s,t) € R? and t € CZ},
(1R = {se AT |forall t,u € AT, if (s,t) € RT and (s,u) € R then t = u},
(PO = {{s,t) | (t,s) € PT}.

Table 2: Semantics of complex ALCFZ-concepts and roles

7, and -T is a function that maps each concept name A € N¢ to a subset AZ of AT and
each role name P € Np to a binary relation P on AZ. In anticipation of the discussion of
description logics with transitive roles below, we require also that for each P € Np+, the
relation P7 is transitive. The map -T is extended to complex concepts and roles by means
of the inductive definitions provided in Table

An interpretation Z satisfies (or, is a model of) a CIA C C D if CT C D?, and T satisfies
(or, is a model of) a TBox T if it satisfies every CIA in 7. We use the notation Z = C C D
and Z =T to express that Z satisfies C' C D, respectively, that Z satisfies T .

The description logic ALCFZ that we defined above is a member of a larger family of
description logics. The “basic” description logic ALC is defined as ALCFZ without inverse
roles (i.e., without roles of the form P~) and without functionality restrictions (i.e., without
concepts of the form < 1R). For X C {S,H,Z, F}, the description logic ALCX extends
ALC with

1. Functionality restrictions (as in ALCFI) if F € X,
2. Inverse roles (as in ALCFT) ifZ € X,

3. Transitive roles if S € X. By this, we mean that the role names in N+ are allowed
to be used.

4. Role hierarchies if H € X. By this, we mean that a TBox may contain role inclusion
azxioms (RIAs) of the form R C S, where R and S are roles, which are satisfied in an
interpretation Z if R C SZ.

For DLs that include both transitive roles (S) and functionality restrictions (F), a further
syntactic restriction is imposed: whenever < 1R occurs in a concept, then R is required to
be a simple role with respect to the TBox at hand (Horrocks, Sattler, & Tobies, 2000). A
simple role is, intuitively, a role does not have a transitive subrole. The formal definition of
simplicity is as follows: let us write R T S if either R = S or there are roles Ry,..., Ry,
such that Ry = R, R, = S, and for all 1 < ¢ < n, T contains either the RIA R; C R; 11
or the RIA R € R;, ;. We say R is simple with respect to 7T if there does not exist
a role S such that S Ty R and such that S is of the form P or P~ with P € Ng+.
The motivation for this standard syntactic restriction is that, without it, basic decision
problems such as satisfiability and concept subsumption with respect to a TBox (defined
below) quickly become undecidable (Horrocks et al., 2000).
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For X C {S,H,Z,F} with S € X, it is customary to omit the prefix ALC in the nota-
tion ALCX. In particular, the description logic ALCSHZF (which is the most expressive
description logic we consider in this paper) is referred to simply as SHZF. SHIF is also
the theoretical basis of the Web Ontology Language OWL-Lite (Horrocks, Patel-Schneider,
& van Harmelen, 2003), which makes it an important DL from a practical viewpoint.

For an .Z-concept C, the set sub(C') consists of C' and all its subconcepts. For a concept
C and a TBox T, rol(C,T) denotes the set of roles occurring in C' or T; and sig(C,T)
denotes the set of concept names and role names occurring in C' or T, i.e., the signature
of C and T. We use sig(C) as an abbreviation for sig(C,0). The size of an £ -concept C
(Z-role R), written |C| (resp. |R|), is the number of occurrences of symbols needed to write
C (resp. R). The size of an Z-TBox T, written |T|, is defined analogously. Later on, in
Section we will also consider other, more succinct, ways of representing concepts.

There are alternative ways to represent functionality restrictions and transitive roles in
the DL literature. For example, functionality and transitivity axioms of the form funct R
or Trans(R) are sometimes treated as axioms in the TBox. Although such syntactic dif-
ferences can be considered minor as far as the standard reasoning tasks (cf. Section
are concerned, interpolation results are sensitive to changes in the language. For example,
opting for TBox axioms of the form funct R instead of freely allowing < 1R as a construct
in the concept language would change the expressive power of languages we consider. In
Section 3.1} we show that ALCF has the interpolation property. The interested reader
is invited to check if our proof can be adapted to the case where we allow functionality
restrictions only as TBox axioms.

2.2 Decision Problems

A concept C' is satisfiable with respect to TBox T if there exists a model Z of T such that
CT #£(. A CIA C C D follows from a TBox T (denoted by 7 |= C C D), if every model
of T is amodel of C C D. We write T =C = D if both T =C C D and T = D C C hold
true.

The following decision problems will be relevant for us:

e (Concept satisfiability with respect to a TBox:
Given C and T, to determine if C is satisfiable w.r.t. 7.

o (Concept subsumption with respect to a TBox:

Given C C D and T, to determine if 7 = C C D.

Both problems are parametrized by a description logic .Z, in which the input concept(s)
and TBox are specified. The two problems are reducible to each (or, more accurately, to
each others complement) for all the logics we consider, due to the fact that their concept
languages are closed under negation. In fact, both problems are EXpTIME-complete for
each of the description logics that we consider (Tobies, 2001).

The same decision problems can also be considered over the restricted class of finite
interpretations, i.e., interpretations whose domain is a finite set. We will refer to these
variants of the above decision problems as finite concept satisfiability and finite concept
subsumption. Thus, finite concept satisfiability with respect to a TBox is the problem of
deciding whether a given concept has a non-empty denotation in some finite model of a
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given TBox. It is known (Lutz, Sattler, & Tendera, 2005) that finite concept satisfiability
and finite concept subsumption are also EXPTIME-complete for all the description logics we
consider here.

When the finite concept satisfiability problem coincides with the unrestricted satisfi-
ability problem, then we say that the description logic in question has the finite model

property.

Definition 2.1 (Finite model property). A DL £ is said to have the finite model property
(FMP) if for every £-concept C and every £-TBox T, if C is satisfiable w.r.t. T, then
there is some finite interpretation T such that I is a model of T and CT # (.

It is well-known that ALCFZ and its extensions lack the finite model property (Calvanese
& Giacomo, 2003).

2.3 First-Order Translation

It is well-known from the correspondence theory of modal/description logics that description
logic concepts can, in general, be translated into first-order logic formulae with one free
variable (Sattler, Calvanese, & Molitor, 2003). In this translation, each concept name A is
viewed as a unary predicate symbol and each role name R is viewed as a binary predicate
symbol of our first-order language. An interpretation, then, corresponds to a first-order
structure.

We assume that the reader is familiar with basic notation and terminology for first-order
logic. In particular, we will use the notation Z, & |= ¢ to express that the first-order formula
 is satisfied in the structure Z under the first-order variable assignment . Sometimes, it

will be convenient to use a different notation to express the same thing: if p(x1,...,2,) is a
first-order formula whose free variables are x1,...,x,, and if a1, ..., a, are elements of the
domain of a structure Z, we will write Z = ¢ [a1,...,ay] to express that ¢ is satisfied in Z

under the variable assignment that sends each variable x; to the corresponding element a;.
Note that this notation implicitly assumes an order on the free variables of ¢, which will
always be clear from the context.

Definition 2.2. The mapping w, from SHIF-concepts to first-order formulae is defined
as follows:

m™(T) = T,
m(4) = A(z),
m(2C) = —m(C),
WI(CHD) = Wx(c)/\ﬂ-x(D)a
m(3PC) = 3y[P(x.y) Amy(C)],
m(3P.C) = Jy[P(y,z) Amy(C)],
(< 1P) = Vi Vaa[P(x,21) A P(z,22) — 21 = 23],
(< 1P7) = V2V [P(z1,2) A P(z2,2) — 21 = 29],
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where m, is obtained from the above definition by replacing all occurrences of x by y and
vice versa. For a SHIF-TBox T, n(T) is defined as N\ o7 7(p), where

m(CC D) = Va[r,(C) — mz(D)]
T(RCS) = VaVy[my(R) = myy(S)]

where, for P € Ng, zy(P) = P(z,y) and 7.y (P~) = P(y, z).

The translation above is model-preserving, i.e., for all SHZ F-concepts C, interpretations
7, and first-order assignments o for Z, we have a(x) € CT iff Z,a = 7,(C); and similarly
for CIAs, RIAs, and TBoxes.

3. Constructive Interpolation with Tableaux

This section provides a constructive proof of an interpolation property in the DLs we are
interested in. This property will be the essential part of the proof of BP in these DLs (cf.
Definition . Resorting to interpolation to show the Beth definability property in a logic
has been a standard technique since the seminal work of Craig (1957). We start by defining
this interpolation property.

Definition 3.1 (Interpolation property). A DL . is said to have the interpolation property
if and only if for all £-concepts C1, Cy and all £-TBoxes T1, T2, if i U T2 |E C1 C Cq,
then there is some £ -concept I such that

e sig(I) Csig(C1,T1) Nsig(C2, Ta2),
e TUT, =ECIC 1, and
e TUT =1L (.
Such a concept is called an interpolant of Cy and Cy under (T1,7T2).

The interpolation property we consider is defined specifically to prove BP. Normally,
the Craig interpolation property for first-order logic is stated as follows: for all first-order
formulae ¢ and v, if ¢ |= 1, then there exists a first-order formula 9 such that sig(d) C
sig(v) Nsig(v), ¢ E ¥, and ¥ = 1. We can however relate the interpolation property we
consider to first-order Craig interpolation using the standard translation of Definition [2.2
Given .Z-concepts (1, Cy and Z-TBoxes 71, T2, we have by the standard translation the
following equivalences:

TiUTa = CiC 0y
(M) Am(T2) B m(C1) = ma(C2)
() Am(Cr) | 7m(T2) = ma(C2)

Thus, by setting ¢ = 7(71) A m,(C1) and ¥ = 7(T2) — m(C2), we know by Craig’s
Interpolation Theorem for first-order logic that we always have a first-order interpolant v
for ¢ and v, if ¢ | ¢ (Craig, 1957). However, we do not know in general whether such
an interpolant can be expressed as an .£-concept. Because of this reason we will work in
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the DL setting instead of full first-order. Our proofs are constructive in the sense that we
present effective procedures for computing the interpolants. This also allows us to establish
upper bounds on the size of interpolants.

This section is organized as follows. In Section [3.1, we show directly that the inter-
polation property holds for ALC and ALCF using a worst-case optimal tableau (plural:
tableaux) algorithm in the style of Goré and Nguyen (2007). Then in Section we show
that the interpolation property also holds in the extensions of ALC and ALCF with tran-
sitive and inverse roles. Instead of establishing these results directly using tableaux, we
make use of some satisfiability and signature preserving reductions to ALC and ALCF.
Our main result says that the interpolants in these logics can be computed in double expo-
nential time. In Section we study what happens when interpolants are allowed to be
expressed in full first-order logic and show that first-order interpolants can be computed in
single exponential time.

3.1 A Direct Algorithm for Computing Interpolants in ALCF

In this section, we assume that ALCF-concepts are defined recursively as in Section[2.1using
also L, U, VR.C', and > 2R as primitives, i.e., we assume that, e.g., > 2R is a constructor of
our concept language and not an abbreviation for (< 1R) anymore. Moreover, we assume
that all concepts are in negation normal form (NNF), i.e., the negation occurs only in front
of concept names. It is well-known that every ALCF-concept can easily be transformed
to an equivalent one in NNF by pushing the negation inwards using the dualities between
concept constructors (Tobies, 2001), e.g., VR.C and -3R.—~C. The NNF of the complement
of a concept C' is written as -C. Another assumption we make is that ALCF-TBoxes
consist only of axioms of the form T T C. These assumptions make our tableau notation
more compatible with the standard tableau notation for DLs. More precisely, we want to
have a separate rule for each concept constructor in the language (Horrocks et al., 2000).
The main result we present in this section, namely Theorem |3.10} can easily be shown to
hold in the case where we do not make these assumptions.

Definition 3.2. Let C be an ALCF-concept and let T be an ALCF-TBox. The concept
closure cl(C, T) of C and T is the smallest set of concepts satisfying the following conditions:

o CecC,T);

e f TCDeT, then D e c(C,T);

e if Dccl(C,T) and E € sub(D), then E € cl(C,T);
e if IR.D € cl(C,T) then VR.D € cl(C, T).

For the rest of this section, fix two ALCF-concepts Cy, Dg and two ALCF-TBoxes Ty,
Tr. We will denote the union 77 U 7y by 7. 1 stands for left and r for right and it is a
naming scheme adopted from Fitting (1996). It will allow us to identify from which TBox
(Th or Ty) or concept (Cy or Dy) an inference is made. A biased concept is an expression of
the form C?*, where C is an ALCF-concept and A € {l,r} is a bias. Two relevant biased
concept closures cll and clr are defined as follows.

cdl={C"| C e c(Cy, )} and clr = {C™ | C € cl(=Dy, Ty)}.
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We use the Greek letters A, k to denote a bias.

Our tableau rules will be producing subsets of cllUclr in a systematic way. To this aim,
we make use of the metaphor of a burden and relief. Intuitively, a subset ® of cll U clr has
a burden if the satisfiability of ® depends on the satisfiability of one or more subsets of
cllUclr that we call the reliefs of ®.

Definition 3.3. Let ® C cllUclr. Then
[ ]

M Cy)* is an M-burden of ® iff (C1 M C2)* € & and {(C1), (C2)*} € ®;

(Cq
o (C1 UGy is an L-burden of @ iff (C1 U Cy)* € @ and {(C1)*, (Co)My N ® = 0;
(<
(

1R)* is an < 1-burden of ® iff (< 1R)* € ® and {(VR.C)" | (3R.0)" € ®} € ®;
e (3R.0)* is an I-burden of ® iff (AR.C)* is in ;

e (>2R)" is an > 2-burden of ® iff (> 2R)* is in .
A burden of ® is any type of burden from above.

Definition 3.4. Let ® C cllUclr, C* be a burden of ®, and S = {D'| TE D € T} U{D" |
TCDeT}. ThenV CcllUclr is called a C*-relief of ® if

e C=(C1NCY)N and ¥ = {(C))*, (C2)*} U ®;

e C = (C1UCY) and either U = ® U {(C1)} or ¥ = d U {(C2)*};
e C=(<1R) and ¥ = d U {(VR.C)" | (3R.C)" € B};

e C=(3R.C) and ¥ = {C*}U{D" | (VR.D)" € B} U S;

e C=(>2R) and ¥ = {D* | (VR.D)* € ®} U S.

A biased (Cy T Dy, T)-tableau ((Coy T Dy, T)-tableau for short) is a vertex-labeled
directed graph (V, £) with the labeling content : V — 2°VeIr - Intuitively, for all edges (g, ¢')
constructed by our algorithm, ¢’.content will correspond to some C*-relief of g.content. Note
that a tableau is neither required to be a tree nor a directed acyclic graph (DAG) because
cycles may occur in general. We say that a node g in a tableau contains a clash if and only
if either one of the following holds.

e | ¢ g.content,
e {A* (=A)F} C g.content,
e {(<1R)* (> 2R)"} C g.content.

The tableau expansion rules given in Figure [I| expand a tableau by making use of the
semantics of concepts. A rule is said to be applicable to a node g if and only if its condition
is satisfied in g, no rule was applied to g before, and g does not contain a clash. In order to
guarantee a finite expansion, we use prozies in the following way. Whenever a rule creates
a new node ¢’ from g, before attaching the edge (g, ¢’) to &, the tableau is searched for a
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The Rp rule

Condition: (C1 M Co)* is an M-burden of g.content.

Action: £+ EU{{g,g")} and ¢'.content < ®, where ® is the (Cy M Cy) -relief
of g.content.

The R, rule

Condition: (C1 U Cy)* is an Li-burden of g.content.

Action: E+ EU{{(g9,91),(9,92)}, g1.content < &1, and ga.content < Dy,

where @1, @9 are (Cy L Co) -reliefs of g.content.
The R<; rule

Condition: (< 1R)* is an < 1-burden of g.content.

Action: £+ EU{{g,g")} and ¢'.content < ®, where ® is the (< 1R)*-relief of
g.content.

The R3 rule

Condition: ® = {(CM,...,(Cp) )} such that C* € @ iff C* is an 3- or > 2-burden
of g.content.

Action: E+—EU{{(9,9i) |1 <i<mn}andforl<i<n,

gi.content <— ®;, where ®; is the (C;)*i-relief of g.content.

Figure 1: Tableau expansion rules for ALCF

node ¢” € V such that ¢'.content = ¢”.content. If such a ¢” is found, then the edge (g, ¢")
is added to £ and ¢’ is discarded.

We are interested in deciding 7 = Cy C Dy. The tableau algorithm consists of two
phases. The first phase starts with the initial (Co T Dy, T)-tableau T = ({go},?), where
go-content = {(Cp)!, (+Do)*}U{E' | TC E € TI}U{E* | TC E € T;}. T is then
expanded by repeatedly applying the tableau expansion rules in such a way that if more
than one rule is applicable to a node at the same time, then the first applicable rule in the
list [Rr, R, R<1, R3] is chosen. The first phase continues as long as some rule is applicable
to T. A (Cy C Dy, T)-tableau is called complete if and only if it is the output of the first
phase of the tableau algorithm.

Lemma 3.5. The first phase of the tableau algorithm terminates in time 2°0 | where
n = |cllUclr|. Moreover for the complete (Co T Dy, T)-tableau T = (V,E) it produces, we
have |V| < 2" and |€] € 20,

Proof. By definition, the first phase continues as long as some rule is applicable to some
node in the tableau. Then by the definition of applicability, we have that at most one rule
is applied to a node in the tableau.

Let n = |cll U clr|. By the definition of a proxy, we have |V| < 2" since there are 2"
distinct subsets of cll U clr. Combining this with the fact that there is at most one rule
application per node, we obtain 2" as a bound on the number of rule applications. Now,
it is easy to see that each rule executes in time polynomial in n, i.e., the execution time of
each rule is bounded by n¥, where k is a constant. Then we have that the whole running
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time of the first phase is 2 - n*. That is,
on . nk: — 2n+lognk
2n+lc~logn

c 20,

It only remains to show the bound on |£|. By the definition of tableau rules, the out-degree
of a node cannot exceed n. Therefore, |E] < n -2, ie., |E] € 200, O

Let T be the complete (Cy C Dy, T)-tableau obtained from the first phase of the algo-
rithm. The purpose of the second phase of the tableau algorithm, i.e., Algorithm [I}, is to
construct the following functions:

1. status : V — {sat,unsat} is a total function,
2. int is a partial function from V to ALCF-concepts.

For a g € V, the values that are assigned to g by these functions are denoted by g.status
and int(g). Intuitively, the status of a node g denotes if [ |oacy contens C 1S satisfiable or not
w.r.t. T; and int(g), if defined, is an interpolant of g.content in the following sense.

Definition 3.6. Let ® C cllUclr. A concept I is called an interpolant of ® if and only if
[ ] T):|_|C1€(DCEI andTl:IELlCre(D_‘C

o sig(I) C sig([ e ©) Nsig(Uoree ~C).

By the definition of Algorithm it will be that for all g € V, int(g) is defined if, and only
if, g.status = unsat. In order to compute int(g) for a node g € V with g.status = unsat,
Algorithm [T uses the interpolant calculation rules that are presented in Figures The
rules in Figure compute int(g) based solely on g.content; ones in Figuretake into account
g.content and for some successor ¢’ of g, the values ¢'.content and int(¢’); and finally, ones
in Figure 4| take into account g.content and for every successor ¢’ of g, the values ¢’.content
and int(g’). We invite the reader to verify that, indeed, whenever Algorithm assigns unsat
to g.status, for a node g of the tableau, then there is an interpolant calculation rule that
can be applied to compute int(g). Furthermore, each interpolant calculation rule is easily
seen to be sound. For example, the interpolant calculation rule Cn in Figure [3] is sound
because, if for a successor g’ of g, g’.content is the (Cy M Co)*-relief of g.content and int(g’)
is an interpolant of ¢’.content (in the sense of Definition then it is necessarily also an
interpolant of g.content.

Let T = (V, &) be a complete (Cy = Dy, T)-tableau which is an output of the second
phase. T is said to be open if and only if gg.status = sat; and it is said to be closed if and
only if gg.status = unsat. If T is determined to be open after the second phase, then the
tableau algorithm returns “T j& Cy C Dy”, otherwise it returns “7 = Cy C Dy”.

The next three results establish some important properties of our tableau algorithm and
we use them to prove Theorem The proofs of these results require the introduction
of standard but substantial amount of notation from the DL and modal logic literature. In
order to present Theorem [3.10] more clearly, we defer these proofs to Appendix [C|
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Algorithm 1 Second phase of the tableau algorithm
Propagate:
do

e done < true.
e For every g € V with g.status # unsat:

— if g contains a clash, then
1. g.status < unsat,
2. apply one of {C},C%,C! C*r C!* C*1} one whose condition is satisfied, to
calculate int(g),
3. done ¢« false.
— if 3¢’ € V with (g, ¢') € &, ¢ .status = unsat, and ¢’.content is some (C; M Cy)*-,
(< 1R)*-, (3R.C)*, or (> 2R)*-relief of g.content, then
1. g.status < unsat,
2. apply one of {Cn, C1<R1, er?, CISRI, C‘g, CIHR, Cgﬂ’, CIHR,CER}, one whose condi-
tion is satisfied, to calculate int(g),
3. done < false.
— if 391,92 € V with g1 # 92, (9,91),(g9,92) € &, gi.status = unsat for each
i € {1,2}, g;.content is a (C1 U Cy) -relief of g.content for each i € {1,2}, then
1. g.status < unsat,

2. apply one of {C!,, CI|}, one whose condition is satisfied, to calculate int(g),
3. done < false.

while done = false.
Assign:
For every g € V with g.status # unsat, g.status < sat.
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The ClL rule
Condition: 1! € g.content.
Action: int(g) < L
The C rule
Condition: 1" € g.content.
Action: int(g) < T
The C! rule
Condition: {C, (<C)'} C g.content, for a C of the form A or < 1R.
Action: int(g) < L
The C'F rule
Condition: {C*,(=C)'} C g.content, for a C of the form A or < 1R.
Action: int(g) < T
The CI* rule
Condition: {C, (+C)*} C g.content, for a C of the form A or < 1R.
Action: int(g) « C
The C*! rule
Condition: {C*, (-C)'} C g.content, for a C of the form A or < 1R.
Action: int(g) « ~C
Figure 2: Interpolant calculation rules for ALCF (content dependent rules)

Lemma 3.7. Let T = (V, &) be the output of the second phase. For all g € V, if g.status =
unsat, then

1. g.content is unsatisfiable w.r.t. T ;
2. int(g) is defined and it is an interpolant of g.content; and
3. |int(g)| € O(2%"), where n = |cll Uclr|.

The next lemma establishes a double exponential upper bound for the runtime of Algo-
rithm [I} This is a consequence of interpolant calculation and our double exponential upper
bound on the size of these interpolants (cf. Lemma [3.7)).

Lemma 3.8. The second phase of the tableau algorithm, i.e., Algorithm (1], runs in time
0(22"), where n = |cll U clr|.

The next proposition establishes the soundness and the completeness of our algorithm
for concept subsumption w.r.t. TBoxes in ALCF.

Proposition 3.9. T is a closed (Co C Dy, T)-tableau if and only if T |= Co T Dy.

The tableau algorithm we presented in this section with the two phases is actually
an algorithm to compute interpolants of at most double exponential size in ALCF. This
upper bound is optimal because the results we establish in Section [4| imply that smallest
interpolants can be of double exponential size.
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The Cq rule
Condition:
Action:

The Clﬁ rule

Condition:

Action:
The C# rule

Condition:

Action:
The CI<R1 rule

Condition:

Action:
The Ct% rule

Condition:

Action:

The CIHR rule
Condition:

Action:
The Cgﬁ rule
Condition:

Action:
The CIEIR rule
Condition:

Action:
The CER rule
Condition:

Action:

g'.content is the (Cy M Cy)*-relief of g.content.
int(g) < int(g’).

g'.content is the (< 1R)L-relief of g.content and
there is no biased concept of the form (IR.C)* € g.content.

int(g) < int(g’).

g'.content is the (< 1R)"-relief of g.content and
there is no biased concept of the form (IR.C)! € g.content.

int(g) < int(q’).

g'.content is the (< 1R)L-relief of g.content and
there is some biased concept of the form (IR.C)* € g.content.
int(g) « int(¢’)1 < 1R.

g'.content is the (< 1R)"-relief of g.content and
there is some biased concept of the form (IR.C)! € g.content.
int(g) < int(¢’)U > 2R.

g .content is the (3R.C)!- or (> 2R)L-relief of g.content,
there is no biased concept of the form (VR.D)" € g.content.
int(g) < L.

g'.content is the (3R.C)"- or (> 2R)"-relief of g.content,
there is no biased concept of the form (VR.D)! € g.content.
int(g) < T.

g'.content is the (3R.C)!- or (> 2R)'-relief of g.content,
there is some biased concept of the form (VR.D)" € g.content.
int(g) < JR.int(¢).

g'.content is the (3R.C)"- or (> 2R)"-relief of g.content,
there is some biased concept of the form (VR.D)! € g.content.
int(g) < VR.int(¢').

Figure 3: Interpolant calculation rules for ALCF (single successor dependent rules)

Theorem 3.10.

For all ACLCF-concepts C, D and all ACCF-TBoxes T1,T2 if 1 U T2 =
C C D then there exists an interpolant of C and D under (T1,T2) that can be computed in

time double exponential in |Ti| + |T2| + |C| + |D|.

Proof. Suppose C, D are ALCF-concepts and 71, T2, and T are ALCF-TBoxes such that
T1UTy =T and T = C C D. Then by Proposition there is a closed (C' C D, T)-
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The C, rule

Condition: g1.content, go.content are (O LI Cy)!-reliefs of g.content.
Action: int(g) < int(g1) Lint(g2).

The Cf, rule

Condition: g1.content, go.content are (C} LI Cy)"-reliefs of g.content.
Action: int(g) < int(g1) Mint(g2).

Figure 4: Interpolant calculation rules for ALCF (multiple successor dependent rules)

tableau T = (V,&). This means gg.status = unsat, and thus by Lemma there is
some ALCF-concept I such that int(go) = I and I is an interpolant of gg.content. Let
X =[lrcger, E and Y = | Jr-pep; ~E. Since [ is an interpolant of go.content, we have
TECNXCI,TEICDUY, and sig(I) C sig(C N X) Nsig(DUY). Then by the
fact that TEX =Tand T EY = L, weobtain 7T = CC I and T = I C D; and by
sig(1) Csig(C N X)Nsig(DUY), we obtain sig(I) C sig(C, T1) Nsig(D, T2). Hence [ is an
interpolant of C' and D under (71, 72). Finally by Lemma I can be computed in time
double exponential in |T1| + |T2| + |C| + | D]. O

We end this section with a discussion of the techniques we used. The tableau algorithm
we defined is based on a tableau algorithm by Goré and Nguyen (2007). Here we extended
this algorithm for ALCF and added more machinery to compute interpolants. In general
interpolation follows as a corollary to a cut-free sequent or tableau calculusE] for a logic (e.g.,
see Rautenberg, 1983; Fitting, 1996; Kracht, 2007); but such a corollary does not give upper
bounds on the size and computation time of interpolants unless the calculus is combined
with a decision procedure. In this section, our goal was to obtain tight upper bounds on the
size and computation time of interpolants in ALCF. More traditional tableau algorithms
for DLs, e.g., the one by Horrocks et al. (2000), can also be used to establish similar results
(Seylan et al., 2009). Here the crucial idea is that the tableau algorithm should provide
an explicit representation of the tableau rule applications so that an interpolant can be
calculated by induction on the rule applications. We chose a non-traditional DL tableau
algorithm for our purposes because it is based on a non—labeledﬂ tableau calculus and such
calculi are actually more commonly used for proving interpolation results in modal logics
(e.g., Rautenberg, 1983).

3.2 Extending Interpolation to Transitive and Inverse Roles

In this section, we extend Theorem to more logics in order to obtain our main inter-
polation result Theorem To this aim, we present various polynomial reductions from
reasoning in one DL to another. The purpose of these reductions is to eliminate some con-
structors in the language. The technique we use for these reductions is well-known in the DL
literature and it is called the aziom schema instantiation technique (Calvanese, Giacomo,
& Rosati, 1998; Calvanese, Giacomo, Lenzerini, & Nardi, 2001). Similar techniques also

1. A tableau calculus is defined as a set of tableau rules.
2. A non-labeled tableau calculus provides no explicit representation of individuals in the interpretations.
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appear in modal logic (Kracht, 2007). The idea behind this technique can be summarized
as follows.

DLs are syntactic variants of modal logics. It is well-known that an axiom schema that
is valid in a modal logic corresponds to a certain condition on the accessibility relation in the
frames of that logic (Blackburn, de Rijke, & Venema, 2001). For example the axiom schema
4 . Op — OO¢p defines the class of transitive frames. The axiom schema instantiation
technique is based on instantiating an axiom schema a finite number of times for each
concept in cl or a relevant concept closure, and adding these instances to the TBox to
obtain an equi-satisfiable TBox. The resulting TBox will then be free of the constructor in
the language for which we instantiated the axiom schema.

We note that the input in these reductions is normally a concept and a TBox; but
for interpolation, we are given a pair of concepts Ci, C5 and a pair of TBoxes 71, Ts.
Therefore, we require from these reductions that they do not mix the signature of sig(C1, T1)
and sig(Cs,72) in an ‘uncontrolled” way. What exactly we mean by this will be clear in
Lemma and Lemma Naturally, this calls for extra notation.

Definition 3.11. An injective function ( : X — Ng, where X is a finite subset of Ngr U
{P~ | P € Ng}, is called a role renaming if for all P € Ng, we have {P,P~} Z X. A role
renaming ¢ is called safe for a signature X if range(¢) N X = (.

Given an £ -concept C' and a role renaming ¢, Z¢(C) is the concept obtained from C' by
replacing every occurrence of every R € dom({) by ((R).

Intuitively, we use role renamings, as the name suggests, to rename roles in concepts. We
need to make sure that the renaming operation is well-defined and thus, we avoid mappings
where a role and its inverse are in the domain of the mapping. Safeness of the mapping
w.r.t. a signature is a property that we desire in the following reductions. We start with
transitive roles and thus, instantiate the axiom schema Op — OO.

Definition 3.12. Let Cy be a SIZF-concept, T be a SIF-TBozx, and ( be a safe role
renaming for sig(Co, T) with dom(¢) = sig(Co, T) N Nr+ and range(¢) N Ng+ = 0. Then
75(Co, T, €) is defined as the ACCFI-TBox 7(Co, T, C)UTE(Co, T, ¢), where 74(Co, T, ¢) =
{TCZ:A(C)| TCCeT} and

72(Co, T.¢) = {Z¢(VR.C) C Z(VRVR.C) |VR.C € cl(Co,T) and {R, R~} N Ng+ # 0}

Note that in the definition above, the signature of the resulting ALCFZ-TBox will not be
equal to the signature of the original SZF-TBox T if Cy or T contains transitive roles.
Introducing these new non-transitive role names is necessary because we are not allowed
to use symbols from Nz+ in logics without transitive roles (cf. Section . Although the
formulation of the following proposition is slightly different from the one of Lemma 6.23 by
Tobies (2001), the proof idea is the same.

Proposition 3.13. A STF-concept Cy is satisfiable w.r.t. a STF-TBox T if and only if
the ALCFI-concept Z¢(Co) is satisfiable w.r.t. the ACCFI-TBox 15(Co,T,(), where ¢ is a
safe role renaming for sig(Co, T) with dom(¢) = sig(Co, T) N N+ and range(¢) N Nr+ = (.

The reduction (for concept satisfiability w.r.t. TBoxes) in Definition satisfies the
following property that will be essential for extending our interpolation results to logics
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with transitive roles. In this respect, it also resembles the splitting reduction functions of
Kracht (2007).

Lemma 3.14. Let T1,7T5 be STF-TBozes and let C1,Cy be STF-concepts. Then
TiUTe E CLECy iff 75(C1, T, €) U ts(HC2, T2, C) | Z¢(Ch) E Z¢(Co)

where € is a safe role renaming for sig(Cy M -Cq, T3 U T2) with dom(¢) = sig(Cy M -Cy, Ty U
7T3) N N+ and range(¢) N Np+ = 0.

Proof. Let ¢ be a safe role renaming for sig(C1 M =Cq, 71 U Tz) as specified in the lemma.
We will use the following claims for the proof.

Claim 3.15. 75(C1 1M 5C%, T1 UT2,() = 75(C1 M =C2, T1,¢) U Ts(C1 M =C, T2, €).

Proof of claim. (=) Suppose C' C D € 75(C; M -C%,T1 UT3,(). Then either C C D €
Té(Cl MN-Cy, T1UT2,()or CC D€ T§(Cl M =Cy, T1 U T, (). If the former holds, then we
immediately obtain the desired result; thus, suppose the latter holds. Then C' C D is of the
form Zc(VR.O) C ZC(VR.VR.C), VR.C € cl(C1M~Co, T1UTz), and {R, R_}QNR+ # (. By
Definition and VR.C' € cl(Cy M =Cy, Ty U Tz), we obtain VR.C' is in cl(Cy M -Csq,T1) or
cl(Cy M -Cq,T3). Then by Definition and the fact that either R € Ngr+ or R~ € Ny+,
we have that Z;(VR.C) C Z;(VRVR.C) € 15(C1 M ~Ca, T1, () UTs(C1 M ~Ca, Tz, (), which

is what we wanted to show.

(<) It is rather easy to see that this direction of the claim holds. =

Claim 3.16. 75(Cy M ~Cs, T1,¢) UTs(C1 M Cy, To,¢) = 75(C1, T1, ¢) U 7s(-Ca, T2, C).

Proof of claim. (<) Suppose C C D € 75(C1,T1,¢) U Ts(—Co,T2,¢). The desired result
follows immediately if C © D = T C Z;(C"), for some T C C”" € T{UT;. Otherwise, we have
by Definition [3.12|that C' C D is of the form Z¢(VR.C) C Z¢(VR.VR.C),VR.C € cl(Cy, 1)U
cl(-Cq,T2) and either R € Np+ or R~ € Ng+. Then by VR.C' € cl(C1,T1) U cl(=C4, T2)
and Cl(Cl, 7-1) U CI(_"CQ, 75) - Cl(Cl M-Csy, 7'1) U Cl(Cl M-Csy, 7—2), we obtain VR.C € Cl(Cl M
-C, T1) U cl(Cy M -Co,T2). Then by Definition and the fact that either R € Np+ or
R~ € Ng+, we have Zc(VR.C) C ZC(VR.VR.C) € 75(C1 M0y, T1,¢) Uts(Cy M AC4, Ta, C),
which is what we wanted to show.

(=) Suppose C C D € 75(Cy M ~C4, T1,¢) UTs(C1 M =Co, T2, (). The desired result follows
immediately if C C D = T C Z¢(C'), for some T T C’" € T; UTp. Otherwise, we have
by Definition that C' C D is of the form Z;(VR.C) C Z;(VR.VYR.C), VR.C € cl(C1 T
-C9, T1) U cl(Cy M +C4, T2), and either R € Np+ or R~ € Np+. Then by VR.C € cl(C1 N
-Co, T1) U cl(Cy M -Cq, Tz), the fact that Cy M -Cy # VR.C, and Definition we obtain
VR.C € cl(C1,T1) Ucl(-Cq,T2). Then by Definition and the fact that either R € Np+
or R~ € N+, we have Z:(VR.C) C Z;(VRVR.C) € 75(C1,T1, () UTs(—C2, T2, (), which is
what we wanted to show. =

Now the lemma can be shown in the following way.

« TIUTs = C1 CCy, iff
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e (M ~(C5 is unsatisfiable w.r.t. 73 U 7o, iff
o Z:(C1M+Cs) is unsatisfiable w.r.t. 75(C1 M ~Ca, T1 U T2,() (Proposition [3.13)), iff

o Z:(Cy M +Cy) is unsatisfiable w.r.t. 75(Cy M =Cy, T, ) U 75(Cy M —Ca, T2, () (first
claim), iff

o Z:(C1M~Cs) is unsatisfiable w.r.t. 75(C1, T1, ) U 7s(-C2, T2, () (second claim), iff
o 75(C1,T1, Q) Uts(mC2, T2, ¢) |= Z¢(Ch) & Z¢(Co).
O

We need a similar reduction to eliminate inverse roles. De Giacomo (1996) presents a
method to reduce converse-PDL satisfiability to PDL satisfiability using the axiom schema
instantiation technique. Since DLs are notational variants of PDLs, this technique can
easily be adapted to DLs as done by Calvanese et al. (1998, 2001). The idea is to instantiate
the converse-PDL axiom schemas ¢ — [a]{(a™ )¢ and ¢ — [a™ [{a)e.

Definition 3.17. Let Cy be an ALCFI-concept, let T be an ALCFZI-TBox, and  be
a safe role renaming for sig(Co, T) with dom(() consisting of all inverse roles appearing
in Co or T, and range(¢) N Ng+ = 0. Then 77(Co, T,() is defined as the ALCF-TBox
7HCo, T, ) UT2(Co, T, ¢), where 74(Co, T,¢) ={T C Z;(C) | TEC € T} and

T2(Co, T,¢) = {Z(-C)E Z(YR™.3R.~AC) | VR.C € cl(Cy, T)}

Note that in the definition above, the signature of the resulting ALCF-TBox will not be
equal to the signature of the original ALCFZ-TBox T if Cy or T contains inverse roles.
Proposition [3.18| establishes the correctness of this reduction for concept satisfiability w.r.t.
TBoxes. A full proof of this proposition is given by Seylan (2012).

Proposition 3.18. An ALCFZI-concept Cy is satisfiable w.r.t. an ALCFIZ-TBox T if and
only if the ALCF -concept Z¢(Co) is satisfiable w.r.t. the ACCF-TBoz m7(Co, T, (), where ¢

is a safe role renaming for sig(Co, T ) with dom({) consisting of all inverse roles appearing
in Cy or T and range(¢) N Np+ = 0.

The following property of this reduction will be useful in our interpolation results.

Lemma 3.19. Let 71,75 be ALCFZI-TBoxes and let Cq,Cy be ALCFI-concepts. Then
TiUTe = C1 E Oy iff 72(C1, T1, Q) Utz (HC2, T2, C) | Z¢(C1) E Z¢(Co)

where ¢ is a safe role renaming for sig(Cy M =Ca, Ty U Ta) with dom(() consisting of all
inverse roles appearing in Cy M -Cy or T1 U Ty and range(¢) N Np+ = 0.

Proof. The following claims can be shown analogously to Claim and Claim [3.16] re-
spectively.

Claim 3.20. 77(Cy M Ca, 71 U T5,¢) = 772(C1 N 0%, T1, ¢) U 72(C1 M 4Ca, Tz, ().
Claim 3.21. 77(Cy M ~Cq, T1,¢) U 7(C1 M =C4, T2, ¢) = m2(C1, T1,¢) U m7(-C4, T2, C).
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Then the argument is the same as the last step in the proof of Lemma ]

Theorem 3.22. Let £ be ALC or any of its extensions with constructors from {S,Z, F}.
For all £-concepts C1,Co and all £-TBoxes Ti, T2, if I UTs |E C1 E Cy, then there exists
an interpolant of Cy and Co under (T1,T2) that can be computed in time double exponential
in |Ti| + | T2 + |Ch| + |Cal.

Proof. Theorem already covers the case for . = ALCF.

For & = ALC. The tableau algorithm for ALCF (with which we proved Theorem
can be used without modification to decide concept satisfiability w.r.t. a TBox in ALC.
In other words, given ALC-concepts Cy,Cs and an ALC-TBox 7 = 7T; U T3, we can check
if T &= C; C Cy using the same algorithm. Observe that during the execution of the
algorithm, R<; will never be applied and there will be no clashes involving a concept of the
form < 1R. If the algorithm constructs a closed (C; C Cs, T )-tableau, then the interpolant
calculation algorithm will calculate an interpolant in ALCF. Since R<; was never applied
in the first phase and there is no clash involving a concept of the form < 1R in the resulting
tableau, the interpolant calculation rules producing concepts of the form < 1R or > 2R,
namely C1<R17 CQJ’}, and the ones in Figure 2| will never be applied in the second phase. Hence
the resulting interpolant is actually an ALC-concept. That there is always an interpolant
if 71 U7, = C1 C Cy and the double exponential upper bound on its computation time can
be shown as in Theorem [3.10

For & € {ALCI,ALCFT}. Let Cy,Cs be Z-concepts and Ty, T2 be £-TBoxes such
that 71 UTs = C1 C Cs. Let ¢ be a role renaming as specified in Lemma such a role
renaming always exists. Then by Lemma 77(C1, T1,¢) U mz(C2, T2, C) | Z:(Ch) C
Z¢(C), where Cy, Cy are ALC-concepts (ALCF-concepts) and 77(C1, 71, (), 72(—C2, T2, )
are ALC-TBoxes (respectively ALCF-TBoxes). We compute an interpolant I of Z:(C)
and Z¢(Cq) under (r7(C1,T1,(), 72(C2,T2,()) in time that is at most double exponential
in the size of the input. We have

1. sig(I) C sig(Z¢(Ch), m2(C1, T, Q) Nsig(Z¢(Ca), 72(—Ca, T2, €)),
2. 77(C1, T, ¢) UTz(—C2, T2, C) = Z¢(C1) E 1,
3. 72(C1, T, Q) Utz (+C2, T2,Q) = I C Z(Chy).

Let (1 be the restriction of ¢ to rol(Cy,7;) and (2 be the restriction of ¢ to rol(-Cs2, 72);
and set X1 = range(¢1) and Y9 = range((2). Intuitively, ¥; and 3o are exactly the sets of
new role names we introduced in 77(C1,71,() and 77(-Cq, T2, (), respectively. It is easy
to see that Sig(Zc(Cl),TI(Cl,'Tl,C)) C sig(Cl,’Tl) U 21, and Sig(ZC(CQ),TI(_"CQ,,]—Q,C)) C
sig(Cy,T2) U Xy. Then by item 1 above, we have

sig(Z) C (sig(C1,T1) U 1) N (sig(C2, T2) U o)
By a simple distributivity argument, we obtain

sig(f) C (sig(C1,T1) Nsig(C2, T2)) U (E1 N Ep) U
(sig(C1,T1) N X2) U (sig(Ca, T2) N 31)
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Since sig(C1,T1) N Xy = 0 and sig(Ce, T2) N X1 =0,
sig(I) C (sig(C1,T1) Nsig(Ca, T2)) U (X1 N X9)

Now let D be the .Z-concept that is obtained from I by replacing all occurrences of each
role name P € 31 N X9 by the only role R~ such that ((R™) = P. Since ( is injective, this
is well defined. Moreover, we have Z(D) = I.

We claim that for every P € ¥1NXg, the role name R with ((R™) = P is in sig(Cy, 71)N
sig(Cy,T2). Suppose P € ¥ N Xy, Then P € range((1) N range((2). Since ¢ and (o
are defined as restrictions of ¢ to rol(Cy,71) and rol(Cs,72), respectively, there is some
R~ €rol(C1,T1) Nrol(Cq, T3) such that ((R~) = P. But then R € sig(Cy, T1) Nsig(Ca, T2).

Now by the claim we have just shown, sig(I) C (sig(C1, T1)Nsig(C2, T2)) U (X1NX2), and
the construction of D, we have sig(D) C sig(C1, 71) Nsig(Ca, T2). Moreover, by Z:(D) =1,
items 2 and 3 above, and Lemma we obtain TTUTe = C1 E D and T1UTy = D C Cs.
Hence D is an interpolant of C; and Cy under (77,73). It is easy to see that the time
required to compute D is as stated in the theorem.

For & € {S,8Z,8F,SZF}. In what follows, let £’ be £ without the transitive role
constructor, e.g., if & = STF, then ¢’ = ALCFZ. We know by now that ¢’ satisfies what
is stated in the theorem. Suppose that Ci,Cy are Z-concepts and 7,7 are .£-TBoxes
such that 71 U 72 | C1 C Cy. The proof proceeds analogously to the inverse role case,
except of course we use Lemma

To conclude, we have shown for each logic .Z stated in the theorem a constructive way
to compute an interpolant, if one exists, in time double exponential in the size of the input.
Hence the theorem follows. O

3.3 Shorter First-Order Interpolants

We will now show that our interpolation algorithm can be adapted to compute first-order
interpolants in single exponential time. The proof will proceed along the following lines.
First we will show that the double exponential size of the interpolants is only due to the
repeated occurrence of subformulas and that our algorithm yields single exponential size
interpolants using a succinct (DAG-shaped as opposed to tree-shaped) concept representa-
tion. Next we apply an idea implicit in the work of Avigad (2003), namely that succinctly
represented first-order formulas can be transformed in polynomial time into equivalent or-
dinary tree-shaped first-order formulas over structures with at least two elements. This
allows us to compute single exponential first-order interpolants over structures with at least
two elements. After that, we show that single exponential interpolants over structures with
one element can be constructed by a reduction to propositional logic. By combining the in-
terpolants obtained via these two methods, we finally obtain the desired single exponential
first-order interpolant over arbitrary structures.

Step 1: Singly-exponential interpolants via succinct representation We start by
defining the notions that will allow us to represent DAG-shaped concepts.

Definition 3.23. Fiz a description logic £. An axiom of the form A= C, where A € N¢
and C is an £ -concept, is called a concept definition axiom in .Z (or, an .Z-CDA). Let X
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be a signature. An acyclic terminology over X in .Z is a set of £-CDAs
T = {Al ECl,...,An = Cn}

where {A1, ..., A} NE =0 and sig(C;) C X U{Ay,...,Ai1} forie{l,...,n}.

A succinct-Z-concept over X is a pair (A, T), where T is an acyclic terminology over
Y in L and A is a concept name belonging to sig(T) \ X. The unfolding of a succinct-%-
concept (A, T) is the £ -concept over ¥ that is obtained from A by repeatedly “applying”
the CDAs in T, i.e., replacing occurrences of their left-hand side by their right-hand side,
until no more CDA can be applied.

Note that acyclic terminologies are well-known in the DL literature (Baader & Nutt,
2003).

Example 3.24. Let T consist of the following.
Woman = Person 1 Female

Man Person M Male

Human = Woman U Man

Then T is an acyclic terminology over {Person, Female, Male}. The unfolding of the succinct-
concept (Human, T) is
(Person M Female) LI (Person M1 Male).

The unfolding of a succinct-concept is in general exponentially longer.

Proposition 3.25. Let £ be any description logic. For each succinct-£-concept (A, T)
with unfolding C, |C| € 271

Theorem 3.26. Let £ be ALC or any of its extensions with constructors from {S,Z,F}.
For all £-concepts C1,Co and all £-TBoxes Ti, T2, if TIUTs = C1 E Cy, then there ezists
a succinct-L-concept (A, T) over sig(C1,T1) Nsig(Cq, T2) such that

e the unfolding of (A, T) is an interpolant of C1 and Cy under (T1,7T2), and
o (A, T) can be computed in time single exponential in |Ti| + |T2| + |C1| + |Cal.

Proof. Let £ be one of the DLs mentioned in the theorem, let 771 U T3 | C1 C Cy, where
T1, T2 are £-TBoxes and C1,Cy are Z-concepts, and let m = |T1| + |T2| + |C1| + |C2|. As
in the proof of Theorem we first reduce T U T2 = C1 C Cy to T/ UT) = D1 C D,
where T/, 7 are ALC-TBoxes (ALCF-TBoxes) and D1, Dy are ALC-concepts (resp. ALCF-
concepts).

We show that the interpolant calculation step in Algorithm (1| for ALCF (and thus ALC,
see Figures can be modified to compute a succinct-concept of single exponential size
as an interpolant, instead of a concept.

We associate to every node g in the tableau a distinct fresh concept name X,. The
new algorithm still uses the same interpolation calculation rules but instead of directly
assigning an interpolant to every node g with g.status = unsat, we construct an acyclic
terminology T’ over sig(D1,T{) Nsig(Da2, T35 ), where the acyclic terminology makes use of
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the new concept names X, and such that the unfolding of the succinct-concept (X4, T7) is
an interpolant for g.content whenever g.status = unsat. The set 7" is initialized as an empty
set, and throughout the computation of the algorithm, 7’ is extended in the natural way.
For instance, suppose ClLI is applied to g. Then Cll_, adds to 7' the CDA X, = X, U X,,,
where g1 and go are the successors of the node g in the tableau. Another example is a
clash rule. Suppose C¥ is applied to g for some {C!, (<C)*} C g.content. Then C adds to
T’ the CDA X, = C. By Lemma it follows that |77| < 290™): and by the definition
of Algorithm (1], it follows that 7’ is an acyclic terminology over sig(D1,7{) N sig(Da, 73).
Moreover, by 7/ UT] = Di T Dy, there is some Xy, = C € T'. Then (X4, 7") is a
succinct-concept over sig(Dy, T{) Nsig(D2, T5) and its unfolding can easily be shown to be
an interpolant of D; and Dy under 7/ U 7.

In a way similar to the proof of Theorem i.e., by replacing back the newly intro-
duced role names for inverse and transitive roles in 7' with the originals, we obtain a new
terminology 7. Then the unfolding of (X, 7"”) is guaranteed to be an interpolant of Cy
and Cy under (71, 72). Moreover, (X4, T") is of size single exponential in m. O

For the rest of the section, our purpose is to obtain an equivalent first-order formula from
a given succinct-concept in polynomial time. We will make use of the standard translation
(see Definition . In the following, we will not distinguish between DL interpretations
and first-order structures (we choose the unary and binary predicates of our first-order
language to be the symbols in N and Ng, respectively).

Step 2: Singly-exponential FO interpolants for interpretations with two ele-
ments For a first-order formula ¢(x) and an interpretation Z = (A%, 1) with s € AT, we
write Z, s = ¢(x) if and only if there is some first-order assignment a such that a(x) = s
and Z,a = ¢(z). By F=>2, we denote the restriction of the relation |= that only considers
interpretations Z = (AZ,-Z) where |[AT| > 2. Similarly, by =1, we denote the restriction
of the relation |= that only considers interpretations Z = (A%, -T) where |AZ| = 1.

The proof of the following theorem is inspired by a result of Avigad (2003), which
states that, over structures with at least two elements, one can efficiently eliminate acyclic
definitions from proofs. Theorem [3.27] can be viewed as an adaptation of this result to the
first-order translation of succinct-concepts in description logic.

Theorem 3.27. Given a succinct-SHIF-concept (B, T) over a signature X, we can con-
struct in polynomial time a first-order formula ¥(z) over ¥, such that [=>2 ¥(x) <> m4(C),
where C' is the unfolding of (B, T).

Our proof of Theorem [3.27] will be based on a lemma that we state next. For expository
reasons, it is more convenient to state the lemma in terms of structures with constant
symbols. These constant symbols are not needed for Theorem [3.27] They are only used to
make the statement and proof of the following lemma more readable.

Lemma 3.28. Given an acyclic terminology T = {A; = C1,..., A, = C,} in SHIF, we

can construct in polynomial time a first-order formula @7(x,y1,...,Yn,z) with additional
constant symbols 0 and 1, such that, for all interpretations T satisfying 0 # 1%, and for
all elements a,b,c € AT (where b=by,... by),

371



TEN CATE, FRANCONI, & SEYLAN

T 7
15 if aecCj

TE o1 [a,g,c} ifandonlyifgzﬁforsomeke{1,...,n}, and c=1< ,
0~ otherwise

—0of...0%1Z0%...0% ; ; inct-
where k =0 0° 140 0” and Cy, is the unfolding of the succinct-concept (A, T).
k—1 times n—k times

Proof. We define p7 by induction on the number n of CDAs in 7. If n = 1, then we can
simply define 7 (z,y, 2) as

pr(r,y,2) = (Y= A ((m(C1)Az=1)V (-1 (C1) Az = 0))

Now, let n > 1 and let 7’ be obtained from 7 by removing the last CDA. In other words,
let 7 =T'U{A, = C,}. By induction hypothesis, there is a formula @7 (u, ¥, w) satisfying
the required conditions w.r.t. 7’ (where ¥ = v1,...,v,—1). We can distinguish the following
cases:

1. C}, is an atomic concept or functionality restriction over the signature . In this case,
we can define @7 as follows, where =41 ...y, and ¥ = vy ...vp_1.

or(x,y,2) = 3u,v,w(er(u,v,w) N =uAy=100Az=w)V
(T=0---01 A ((m2(Cp) Nz =1) V (-m(Cp) A 2 =0))))

Here, §f = ¢0 is a shorthand for the formula A;_, ¥ = v; Ay, = 0, and, similarly,
§ = 0---01 is shorthand for the formula A,_, 1 =0 Ay, = 1.

2. (Y, is of the form —A; with i < n. In this case, we can define 7 as follows:

907'(%27, Z) = Eluv qvw(ng/(ua Ua w) A
(x=uNyg=00Nz=w)V
(F=0---0LAu=zAT=iA((w=1A2z=0)V(w=0Az=1)))))

Here, the same notation conventions apply as in the previous item. In addition, v =i
is used as a shorthand for the formula v; = 1 A A ji Vi = 0. The notations will also
be used in the following items.

3. Cp is of the form A;MA; with ,j < n. As a first attempt, define p7(z, ¥, 2) as follows:

This works, except for the fact that @7+ occurs twice in the formula, which may
result in an exponential blowup. We solve this problem by replacing the conjunction
o1 (u, U, w) A o (u/, 0", w') by

v 7w (0 = unt” = vaw” = w)V(u" = AT = VA" = o) — e (U7 W)
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4. C, is of the form 3P.A; with ¢ < n. This is the most difficult case. The following
formula expresses the required property:

or(z,y,z) = Ju,v,w (cpT/(u, v, w) A
(x=uNyg=U00Nz=w)V
(=0---0lANz=1ANPruANT=iANw=1)V
(F=0---01Az=0A

Vo', 7w (o (W, T, w') A Pau/ AT =i — w' = 0))))

However, as before, this formula still has the problem that it contains two copies of
w77. We fix this in two steps. First, we bring the universal quantifiers to the front,
and transform the above formula into the following equivalent formula:

Ju, T, w ‘v’u’,f;",w’(gow(u,ﬁ,w)/\g07-/(u’,77',w’) —
(r=uANy=00Az=w)V
(y=0---0lAz=1APruANv=iANw=1)V
(F=0---0LAz=0A(Pzu' NV =i— w =0))))

Finally, as before, we replace the conjunction @7 (u, ¥, w) A @7 (u', 0", w") by

Vo' 7" w" (U = unt” = vaw” = w)V (" = W AT = VA" = w') — e (u” T w"))

5. Cp, is of the form dP~.A; with ¢ < n. This case is handled like the previous one.

Note that, in general, C,, could be a complex concept in which various A; with ¢ < n occur.
However, such complex CDAs can always be decomposed into multiple simpler CDAs of
the above kinds, at the cost of a polynomial increase in the size of the terminology.

It is clear from the construction that the formula ¢7 obtained as above satisfies the
conditions stated in the lemma. That 7 is obtained from 7 in polynomial-time follows
from the fact that, in the above inductive definition of ¢, the previously constructed
formula @7+ occurs only once. O

We are now ready for the proof of Theorem [3.2

Proof of Theorem[3.27. Let a succinct-concept (A4;, T) be given, where T = {4; = Cy, ...,
A, = Cy}. Let o(x) = pr(x,i,1) and let ¢(z) = Ju,v(u # v A ¢'(x)), where ¢'(x) is
obtained from ¢(x) by replacing 0 and 1 by u and v, respectively. Then we have that, for
every interpretation Z with a domain of at least two elements, and for every a € A%, the
following conditions are all equivalent:

1. Z,a E ¢(x)

2. T’,a = ¢(zx), for some interpretation Z’ that extends Z by mapping the constant
symbols 0 and 1 to distinct elements of AL.

3. Z’,a = C, where C is the unfolding of (A;, T).

4. Z,a |= C, where C is the unfolding of (A4;, T).
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The equivalence of 1 and 2 is immediate from the construction of 1. The equivalence of 2
and 3 follows from Lemma [3.28] The equivalence of 3 and 4 is immediate, since 0 and 1 do
not occur in C. This concludes the proof. O

Definition 3.29. Let C, D be £-concepts and let T, Ty be £-TBoxes such that Ti U Ty =
C C D. A first-order formula ¢(x) is called a FO interpolant of C and D under (T1,T2) if
the following conditions hold:

e sig(p(x)) Csig(C,T1) Nsig(D, Tz),
o 7(Th) Un(Tz) E Va.m,(C) — ¢(x), and
o 7(T1)Un(T2) EVr.o(x) = my (D).

FO =>o-interpolant and FO [==1-interpolant are defined in the same way as above, except
that we replace all occurrences of = by =>2 and ==, respectively.

Proposition 3.30. Let £ be ALC or any of its extensions with constructors from {S,Z, F}.
For all £-concepts C1,Co and all £-TBozes Ti, Tz, if T1UTz2 = C1 C Coy, then there exists
a FO [=>a-interpolant of C1 and Co under (T1,72) that can be computed in time single
exzponential in |Ti| + |T2| + |C1| + |Cal.

Proof. Suppose 71 U T2 | C1 C C3. By Theorem there is some succinct-concept
(A, T) over sig(C1,T1) N sig(Ca, T2) such that the unfolding I of (A4,7) is an interpolant
of C7 and Cy under (71,72), and (A,7T) can be computed in time single exponential in
|T1|+|72|+|C1|+|Ca|. Then by Theorem[3.27, there is some first-order formula ¢(z) that can
be constructed in time polynomial in | 7| (hence single exponential in 71|+ |72|+|C1|+]C2|)
such that

o sig(p(x)) € sig(]),

o >0 ¢(x) ¢ myp(I).
It follows that ¢(z) is a FO =>o-interpolant of Cy and Cy under (77, 72) whose size is single
exponential in |71| + | 72| + |C1| + |Cal. O

Step 3: Singly-exponential FO interpolants for interpretations with one element
We still have to obtain interpolants over structures with only one element. We will show
how to do this in Proposition [3.35] The essential idea is that interpolants over structures
with singleton domains are not much different from propositional interpolants. First, we
give a reduction from concept subsumption w.r.t. TBoxes over interpretations with singleton
domains to entailment in propositional logic.

Definition 3.31. Let C' be a SHZF-concept. Then the mapping tp(C) is defined induc-
tively as follows.

m(T) = T,
PL(A) = A,
meL(=C) = —7pL(C),
TpL(Cl—]D) = TPL(C)l_lTpL(D),
pL(3R.C) = ArN7pL(C),
L(S1R) = T,
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where Ap = Ap- is a fresh concept name for every role name P € Nr. For a SHIF-TBox
T, we define

L(T) = {pL(C) C1pL(D) | CCDeTIU{ARC As | RE S €T}

Here, the concept name Ap, intuitively, expresses the non-emptiness of the role P.
Note that all transitive roles are ignored in the above translation, as their semantics is
trivially satisfied in interpretations whose domain is a singleton set. For a SHZF-concept
C, pL(C) is an ALC-concept without role constructors. We view 7p (C) as a propositional
formula (where the concept names are the propositions, and we identify M and LI with the
propositional connectives A and V, respectively). Similarly, for a SHZF-TBox T, 7p.(T)
is a set of ALC CIAs without role constructors, which we view as a set of propositional
formulae.

Proposition 3.32. Let T be a SHZIF-TBox and let C, D be SHIF-concepts. Then
TE=1CCED ifand only if 7pL(T) = 7pL(C) C 7pL(D).

Proof. (=) Let T [=—1 C C D, and suppose Z |= 7p.(T), and s € 7p. (C)*. We need to
show that s € 7p. (D). Let J be obtained by restricting the domain of Z to the element
s and “reading off” the interpretation of each role name P from the concept name Ap.
Formally,

o AY = {s};
o forall Ac N¢, s € A7 iff s € AT;
e for all P € Np, P7 = {(s,s)} if s € AL, and P = (), otherwise.

By the definition above, it trivially follows for every P € Np+ that PY is transitive. More-
over, for every role R, we have

(s,s) € R7 if and only if s € A%, (1)

To see this, suppose first (s, s) € R7. If R = P for some P € Npg, then s € A%, ie., s € AL;
and if R = P~ for some P € Npg, then again s € AJZ; and by the fact that Ap = Ap-
(see Definition , we obtain s € A]I_z. Hence s € AIZ%. For the other direction, suppose
s € A%. If R = P for some P € Ng, then (s,s) € P7, ie., (s,s) € R7; and if R = P~ for
some P € Npg, then by the fact that Ap = Ap—, we have (s,s) € P and thus, (s,s) € R7.
Hence follows.

Claim 3.33. For every SHIF-concept C', we have s € 1p (C") if and only if s € (C')7.

Proof of claim. The proof is by induction on the structure of C’. The base case, where
C' = Aor C'" = T, is trivial, and the boolean cases follow immediately by the inductive
hypothesis. For C' = 3R.D’, we have the following equivalences:

® 5 ¢C TPL(C,)I;

o s€ AL and s € 7p (D) (by semantics);
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e (s,5) € R7 and s € (D')7 (by (1) and the inductive hypothesis);
e 5 (C") (by semantics).

Finally, for ¢’ =< 1R, since 7p_(C') = T and s € A%, we have s € 7p (C")%. Moreover, by
the definition of J, we have s € (C')7. But then s € 7p (C")? iff s € (C')7, which is what
we wanted to show. =

We now show that J |= T, i.e., J satisfies every CIA and RIA in 7. That J satisfies
every CIA in T is a direct consequence of the previous claim; so we proceed with the case
for RIAs. Let RC S € T and (s,t) € R7. By the definition of 7, we have s = t. Hence
w.l.o.g. suppose that (s,s) € R7. Then by , s € AL, Since Ag T Ag € 7p.(T) and
T | 7pL(T), we then have s € AL. By ([l)) again, this implies (s, s) € S7. Hence J satisfies
RCS.

Now we proceed towards our goal s € 7p| (D) as follows. By Z |= 7o (T), s € 7pL(C)7,
and the previous claim, we obtain s € CV. Since J |= T, it follows by 7 = C C D that
s € DY. Then using the previous claim, we conclude that s € 7p (D)Z.

(<) Let 7pL(T) | 7pL(C) C 7pL(D), and suppose T = T, and s € CF, where AT = {s}.
We need to show that s € DZ. Define the interpretation J as follows:

o AT = {s};
o for all A€ Ng, AT = AT
e for all P € Ng, (Ap)7 = {s} if P = {(s,5)}, and (Ap)7 = ) otherwise
We first show for every role R that
s € AJ if and only if (s,s) € R. (2)

For left-to-right, suppose s € A%. If R = P for some P € Ng, then (s,s) € PZ, ie.,
(s,s) € RT; and if R = P~ for some P € Ng, then by the fact that Ap = Ap—, we have
s € Ag , which implies (s,s) € RZ. Hence (s,s) € RZ. For the other direction, suppose
(s,s) € RT. If R = P for some P € Ng, then s € Ag, ie., s€ A‘g; and if R = P~ for some
P € Ng, then (s,s) € PZ, which implies by Ap = Ap- that s € Ag. Hence (2) follows.

Claim 3.34. For every SHIF-concept C', we have s € (C")T if and only if s € 7o (C")7.

Proof of claim. The proof is by induction on the structure of C’. The base case, where
C'" = A or C' = T, is trivial, and the boolean cases follow immediately by the inductive
hypothesis. For C' = 3R.D’, we have the following equivalences

® 5¢C (C/)Z;
e (5,5) € RT and s € (D")? (by semantics and AT = {s});
o s€ AJ and s € 7p (D)7 (by and the inductive hypothesis).

e s pL(C")7 (by semantics).
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Finally, for ¢/ =< 1R, since AZ = {s}, we have Z = T C< 1R, and thus, s € (C)Z.
Moreover, by 7p (C') = T, we have s € 7p| (C')7. But then s € (") iff s € 7p (C")7. A

We now show that J |= 7p (7). By definition, every CIA in 7p (7) is of the form (i)
7pL(C") C 7p(D'), where C' C D’ € T; or of the form (ii) Ag C Ag, where RC S € T.
That J satisfies CIAs of the form (i) is a direct consequence of the previous claim; so
we focus on CIAs of the form (ii). Let Ap C Ag € 7p(7) and s € A%. Then by ,
(s,s) € RT. Since Z =7 and RC S € T, we then have (s,s) € SZ. Then by again,
s € Ag. Hence J satisfies Ar C Ag.

Now we proceed towards our goal s € D? as follows. By s € CT and the previous claim,
we have s € 7p_(C)Y. Then by J | 7pL(T) and 7p(T) | 7pL(C) C 7pL(D), we obtain
s € 7pL(D)Y. Using the previous claim again, we conclude that s € D”. O

Proposition 3.35. Let £ be ALC or any of its extensions with constructors from {S,H,Z, F}.
For all £-concepts C1,Co and all £-TBoxes Ti, T2, if I UTs = C1 E Cy, then there exists

a FO [=—1-interpolant of C1 and Co under (T1,7T2) that can be computed in time single
exponential in |Ti| + |T2| + |Ci| + |Cal.

Proof. Let £ be one of the DLs mentioned in the theorem and let Cy,Cy be £-concepts
and let 71,72 be £-TBoxes such that 731 UTs | C1 C Cy. Then it immediately follows
that 71 U T2 ==1 C1 C Cy. By Proposition T1UTs =1 C1 C Cy implies 7p(77) U
TpL(7T2) = mpL(C1) C 7p(C2). Now by Theorem there is some interpolant I of 7p (C1)
and 7p (C2) under (7p_(71), 7pL(72)) that can be computed in time double exponential in
| 71|+ 72| +|C1|+|C2|. However, in this case we are only dealing with propositional formulae
and the tableau algorithm can easily be modified to construct a tree-shaped proof instead of
a general graph-shaped one by eliminating the use of proxies. In fact, we have just described
a standard tableau algorithm for propositional logic. It is well-known that each node in
the tree has a polynomial out-degree in the size of the input and the height of the tree is
polynominal in the size of the input. By inspecting the proof of Theorem [3.10], one can easily
see that in this case I can be computed in time single exponential in | 77|+ |T2|+ |C1| + |Ca.
Finally let D be the concept obtained from I by replacing each occurrence of a concept name
Agr by 3R.T. We have that 7, (D) is a FO =_;-interpolant of Cy and Cy under (71, 72). It
is easy to see that the time required to compute 7, (D) is as stated in the proposition. [J

Step 4: Putting it all together The result that we were after now follows, by putting
the FO |=—;-interpolants and the FO [=>9-interpolants together:

Theorem 3.36. Let £ be ALC or any of its extensions with constructors from {S,Z,F}.
For all L-concepts C, D and £-TBoxes T1, T2, if Th UTa = C C D, then there exists an
FO interpolant (x) of C and D under (Ti,T2) and o(x) can be computed in time single
exponential in |Ti| + |T2| + |C| + |D|.

Proof. Let £ be one of the DLs mentioned in the theorem, let C, D be Z-concepts,
and let 71, T2 be Z-TBoxes such that 71 U 73 = C C D. By Proposition there is
some FO |[=—;-interpolant ¢ (x) of C' and D under (7;,72) that can be computed in time
single exponential in |T;|+|7z| + |C|+ |D|; and by Proposition [3.30] there is some FO =>o-
interpolant ¢(x) of C and D under (77, 72) that can be computed in time single exponential
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in |T1| + |72] + |C| + |D|. Let
I(x) = (Jy3z(y # 2) = ¢(z)) A (VyVz(y = 2) = ¥()).
Claim 3.37. ©(T1)Un(T2) EVe.m,(C) = ¥ (zx) and 7(T1)Un(T2) | Ve.d(x) = m(D).

Proof of claim. We prove the first part. The proof of the second part is analogous.

Let Z = (AT, .Z) be a model of 71 U Ts, i.e., of 7(T;) Un(T2), and a be a first-order
variable assignment with Z, a = 7, (C'). We need to show that Z,« = ¥(z). To this aim,
we show Z,a |= (Jy3z(y # 2) = ¢(z)) and Z, a0 = (VyVz(y = 2) — ¢(x)).

First suppose that Z,a = Jy3z(y # z). We are done if we prove that Z,a | ¢(x).
T,a | JyIz(y # 2) implies |AT| > 2. Then by Z,a | m,(C) and 7(T7) U 7(T2) =>2
Va7, (C) — ¢(x), we obtain Z, « = p(x), and we are done.

Now suppose that Z,a = VyVz(y = z). We are done if we prove that Z,a = ¢(zx).
T,a = Vy¥z(y = z) implies |AZ| = 1. Then by Z,a = 7.(C) and 7(T1) U n(T2) ==t
Va.my(C) — 1(x), we obtain Z, « |= 1(x), and we are done.

Thus, both of the conjuncts of ¥(z) are satisfied by Z, a. But then Z, o = 9(x). =

By assumption we have that sig(p(z)),sig(y(x)) C sig(C,T1) Nsig(D,T2). Since the
formulas Jydz(y # z) and YyVz(y = z) do not introduce new predicates, we have that
sig(¥(x)) C sig(C, T1) Nsig(D, T2). Therefore, ¥(x) is a FO interpolant for C and D under
(T1,72). Moreover, since both of its conjuncts can be computed in single exponential time,
so can Y(z). Hence the theorem follows. O

4. Results on Beth Definability

In this section, we present the main technical contributions of the paper. We first introduce
the notions of implicit and explicit definability for concepts and define the (projective) Beth
definability property, which are in fact the primary notions of interest in this paper. In what
follows, .Z denotes any of the description logics ALCX with X C {S,H,Z, F}.

Definition 4.1 (Implicit definability). Let C' be an Z-concept, T an £-TBox, and ¥ C
sig(C,T). C is implicitly definable from ¥ under T if, for every two models T and J of T
satisfying AT = AY and, for all P € ¥, PT = P7, it holds that CT = C7 .

In other words, given a TBox, a concept C is implicitly definable if the set of all its
instances depends only on the extension of the predicates in ¥ and the domain of discourse.
Deciding implicit definability in £ means, given an .Z-concept C, .Z-TBox T, and a set of
predicates 3 C sig(C,T), to check whether C' is implicitly definable from ¥ under 7. For
every predicate P € sig(C,T) \ ¥, introduce a new predicate P’ which is not in sig(C,T).
Now let C' (respectively, T) be the concept (respectively, TBox) obtained by replacing every
occurrence of a predicate P ¢ ¥ in C (respectively, in T) by P’. Lemma whose proof is
a routine adaptation of an analogous result for first-order logic (Boolos, Burgess, & Jeffrey,
2007), provides a characterization of implicit definability in terms of entailment. This well-
known characterization is often used as a definition of implicit definability (Hoogland &
Marx, 2002; Conradie, 2002).

Lemma 4.2. Let C be an £ -concept, T be an £-TBox, and ¥ C sig(C,T). Then C is
implicitly definable from ¥ under T if and only if TUT = C = C.
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In particular, Lemma[4.2 reduces implicit definability in - to the concept subsumption
problem in .Z w.r.t. TBoxes. It is also possible to reduce the concept subsumption problem
in .Z w.r.t. TBoxes to the problem of deciding implicit definability in .Z.

Lemma 4.3. Let C T D be an L-CIA, T be an £-TBox, ¥ = sig(C M D,T), and
Ayg € No \ 2. Then T = C T D if and only if Ay is implicitly definable from ¥ under
TU {Ao con —|D}.

Proof. (=) Suppose 7 = C C D. Let Z and J be models of T U{Ay C C'M-D} such that
AT = A7 and for all P € £, we have PZ = P7. Obviously, Z and J are also models of 7.
Then by 7 |= C C D, we have that (CM=D)? = (CM-D)7 = 0. But then AT = A7 = 0.
Hence, Ay is implicitly definable from ¥ under 7 U {Ag C C M —D}.

(<) We show the contrapositive, i.e., if 7 = C T D, then Aj is not implicitly definable
from ¥ under 7 U {Ag C C M —=D}. Suppose T = C C D. Then there is some model Z of
T and some s € AT such that s € (CT1-D)L. Let Z; = (AT, .71) and 7, = (A%, .12) be
such that

o ATl — AT: — AT,

o ATt = AT2 = AT for all A € (N¢ \ Ao);
e RTt = R2 = RT for all R € Ng;

o Al' = {5} and A2 = 0.

It is easy to see that Z; and Z are models of T U {Ag C C 1 —D}. Also observe that Z;
and Zy are two interpretations with the same domain and they agree on what they assign
to predicates in ¥. But Agl =+ AgQ. Hence Ag is not implicitly definable from ¥ under
TU{A()ECH—!D}. ]

Using Lemma (for the upper bound) and Lemma (for the lower bound), the fol-
lowing theorem follows immediately, since the concept subsumption problem w.r.t. TBoxes
is ExpT1ME-complete for the description logics in question (Tobies, 2001).

Theorem 4.4. In ALC and any of its extensions with constructors from {S,H,Z,F},
implicit definability is EXPTIME-complete.

Explicit definability is the syntactic counterpart of implicit definability. Given a concept
C, signature X, and TBox 7, it asks for the existence of a concept D formulated over X
such that the C' and D denote the same set in every model of 7.

Definition 4.5 (Explicit definability). Let C' be an £-concept, T a £-TBoz, and ¥ C
sig(C,T). We say that C is explicitly definable from ¥ under T if there is some £ -concept
D such that T = C = D and sig(D) C 3. Such a concept D is called an explicit definition
of C' from X under T .

Proposition 4.6. Let C be an £-concept, T an £L-TBoz, and ¥ C sig(C,T). If C is
explicitly definable from ¥ under T, then C is implicitly definable from ¥ under T .
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Proof. Suppose C' is explicitly definable from ¥ under 7. Then there is some concept D
such that 7 = C = D. This implies by the definition of T and C, and sig(D) C ¥ that
7 = C = D. Then we have T U T =C=Dand TUT £ C = D by the monotonicity
of =. These yield T U T EC= C. Then by Lemma u C' is implicitly definable from 3
under 7. O

Definition 4.7 (Beth definability property). . has the Beth definability property (BP) if
for all £-concepts C, all £-TBoxes T, and all signatures ¥ C sig(C,T), if C is implicitly
definable from 3 under T, then C is explicitly definable from ¥ under T .

Observe that, in the above definition, X restricts the concept names and the role names
that are allowed to appear in the explicit definition. We can obtain a weaker version of the
Beth definability property by restricting only the concept names occurring in the explicit
definition. This is called the concept-name Beth definability property (CBP). In other words,
the CBP refers to the existence of explicit definitions over signatures of the form X U Ng.

As we will explain later, we also have reasons to be interested in whether description
logics satisfy the Beth definability property over the restricted class of finite interpreta-
tions. It is known that the Beth definability property, when restricted to finite structures,
fails for first-order logic (see e.g., Hoogland, 2001), in spite of the fact that it holds in the
unrestricted case. We will specifically investigate Beth definability for description logics
restricted to finite interpretations. We call this the Beth definability property in the finite
(BPF). Formally, BPF is defined in the same way as BP, except that we replace, in the
definition, all occurrences of the word ‘interpretation’ or ‘model’ by ‘finite interpretation’ or
‘finite model’, and we replace the symbol = by |=¢, where |= considers only finite interpre-
tations. In addition, we will speak about f-implicit definability and f-explicit definability.
It follows from Lemma that, if £ has FMP, then BP are BPF are equivalent for .Z.
Hence it only makes sense to specifically study BPF for logics without FMP.

4.1 Bounds on the Size of Explicit Definitions

We start by a positive result on BP which is a direct application of the interpolation theorem,
i.e., Theorem

Theorem 4.8 (BP). Let £ be ALC or any of its extensions with constructors from
{8,Z, F}. Then for all L-concepts C, all £-TBozes T, and all signatures 3 C sig(C,T),
if C is implicitly definable from ¥ under T, then C is explicitly definable from X2 under T,
and the explicit definition of C' can be computed in time double exponential in |T|+ |C|.

Proof. Let £ be one of the DLs stated in the theorem, C be an .Z-concept, 7 be an
Z-TBox and ¥ C sig(C,T) such that C is implicitly definable from ¥ under 7. By
Lemma we have that TUT = C = C (where T and C are obtained from 7 and C,
respectlvely, by replacing all occurrences of predicates P ¢ 3 by fresh predicates ~P’ that
are not in sig(C,7T)). Now by Theorem there is an interpolant I of C' and C under
(T,T) that can be computed in time double exponential in |T| 4 [T|+ |C| +|C|. Since it
is an interpolant, sig(1) C sig(C,T) N S|g(C T) =3, and both (a) TUT = C E I and
(b) TUT E1CC. By (b) and TuT =ECCC, we have TUT kI CC, from which
TUT E C =1 follows by (a). From the structure of 7, it now straightforwardly follows
that T =C = 1.
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As for the time needed to compute I, observe that ||+ |T|+|C|+|C| = 2-(|T|+|C]).
Hence I can be computed in time double exponential in |7 + |C|. O

The proof of Theorem uses Theorem Similarly, if we use Theorem [3.36] in-
stead, we can show that first-order explicit definitions of implicitly defined concepts can
be computed in single exponential time. Note that Theorem also establishes a double
exponential upper bound on the size explicit definitions in the considered logics. This upper
bound is optimal because we show in Theorem below that explicit definitions in £
may need to be double exponentially big.

An essential tool in the proof of Theorem will be the path-set construction that
was previously used by Lutz (2006) to characterize the succinctness of public announcement
logic compared to epistemic logic. The path-set construction has also been used by Ghilardi
et al. (2006) to establish a lower bound on the size of concepts ‘witnessing’ that a TBox is
not a conservative extension of another TBox.

Definition 4.9. If C is an ALC-concept, then the path-set Po of C is defined by structural
induction as follows, where € denotes the empty sequence and - denotes concatenation of
finite sequences:

Pr = Py = {e}, for A€ N¢;

P.c = Pc;

Ponp = PcU Pp;

Psrco={c}U{R-p|pe€ Pc}.

Intuitively, Po describes the nestings of role constructors in C. We will use Po as a tool
for establishing lower bounds on the size of concepts.

Lemma 4.10. For every ALC-concept C, we have |C| > |Pc|.

Proof. The proof is by induction on the structure of C.

If C is an atomic concept of the form T or A (with A € N¢), then, by definition, |C| =1
and |Pc| = 1 since Po = {e}. Hence |C| > |P¢|.

Next, let C' = —D. By the inductive hypothesis, we have |D| > |Pp|. Then by |P-p| =
|Pp|, we obtain |D| > |P-p|. Finally, by the fact that |[-D| = |D|+ 1, we obtain |~D| >
|P-p|. Hence |C| > |Pc.

Next, let C' = C; M Cy. By the inductive hypothesis, we have |C1| > |Pc,| and |Cs| >
| P, |- This implies |Cy |+|C3| > |Pey |+|Pe, |- Then by the fact that |C1M1Cs| = |Ch|+|Ca|+1,
we obtain |C1MCy| > |Po, |+ |Pey,|- Finally, by |Pe, |+ |Pey| > | Poyncs |, we have |C1MCy| >
| Poync, |- Hence |C| > |Pc.

Finally, let C = 3R.D. By the inductive hypothesis, we have |D| > |Pp|. This implies
|D| 4+ 2 > |Pp| + 2. Then by the fact that |3R.D| = |D| + 2, we obtain |[3R.D| > |Pp| + 2.
Finally, by |Pp|+ 1 = |Par.p|, we have |3R.D| > |P3g.p|. Hence |C| > |Pc|. O

Theorem 4.11 (Explicit definition lower bound). Let ¥ = {R,S} C Ng. Then for every
n € N, there is an ALC-concept C,, and an ALC-TBoz T, such that ¥ C sig(Cyp, Tp), |Tnl
and |Cy| are polynomial in n, C,, is implicitly definable from ¥ under Ty, and the smallest
explicit definition of Cy, from % under T, is double exponentially long in n.
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Proof. Fix an n € N. Let Ay,..., A, be pairwise distinct concept names. We use these
concept names and their negations to represent in binary format a number in {0,...,2" —1}.
More precisely, —A, M ... M —A; represents 0, =A, M —A,_1... M Ay represents 1, and
so on. Obviously, this implies that the least significant bit is at position 1. For every
i €40,...,2" — 1}, we denote the concept that represents i by C;. Note that in each Cj,
either A; or —A; is a conjunct of C;, for all j € {1,...,n}.

For k € {1,...,n},

e let Xp = -A1M...M—-A,_1MA; and
elet Y, =A1M...MA,_1 M —A.

Note that X} and Yj are not concept names and we will use them only to abbreviate our
CIAs. We define 7, as the ALC-TBox consisting of the following CIAs.

e —A,M..M-A; CVR.1LMNVS.L
e AjLU...UA, CIRTUIST
e Forevery k€ {1,...,n} and 0 € &,

X, C VoY1

[] (ANVYo.A) U (=4 NV A))
k<l<n

Intuitively, the last item above allows us to decrease the counter value by one by flipping
the respective bits. Note that |7,| is polynomial in n and that 7, is satisfiable. In fact, we
present models of 7, in Claim If Z is a model of 7, we have for every s € AT and
every i € {1,...,n}, either s € A or s € (=A;) by the virtue of Z being an interpretation.
Therefore, for every s € AT there is exactly one i € {0,...,2" — 1} such that s € C’iz .

Claim 4.12. Leti e {1,...,2" —1}. Then
1. T, EC; CYR.Ci_1 NVS.Ci—q
2. T, ): C; =dR.C;_1 U3s.C;—4

Proof of claim. For [} suppose Z = (AT 1) is a model of T,, s € AT with s € C, and
o € {R,S} = X. Tt suffices to show that s € (Vo.C;_1)%. If there is no t € AT such that
(s,t) € o then we are done immediately; therefore, suppose (s,t) € oZ. We need to show
teCL,.

We have that C; = B, M...M By, where Bj = Aj or B; = ~A;, for each j € {1,...,n}.
Denote by B; the concept —A; if B; = Aj, or else the concept A; if Bj = —A;. Since
s € C%, there is exactly one k € {1,...,n} such that s € X,%. Then by the CIA

X, C VoYpn
[] (Anve.A) U (=4 NVe.—A)))

k<l<n
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in 7, we have that ¢t € (B, M...MN By MBEM... I_Iﬁl)z. It is not hard to see that

Ci_l:Bn|_|...|_|Bk+1r|§k|_|...|_|Bl.

Hence we conclude that ¢t € CL |, which is what we wanted to show.

For [2| (=) Suppose Z = (A1) is a model of T, and s € AT with s € CZ. Since i # 0,
by AjU...UA, CIRTUIST €T, C; € BR.T). or C; € (3S.T)%. That is, there is
some t € AT such that either (s,t) € RZ or (s,t) € ST. In both cases, t € CZ ; by Hence
S € (3R01,1 (] 35.0171)1.

(<) Suppose T = (AZ,-1) is a model of 7,, and s € AT with s € (3R.C;_; U3S.C;_1)~.
This means there is some ¢ € AT such that t € C£ | and either (s,t) € RT or (s,t) € ST.
We proceed towards a contradiction so further suppose that s & CiI ,ie., s € (-C;)*. Then
by the definition of an interpretation, s € C’jz, where j # ¢ and j € {0,...,2" —1}. If j =0,
then by =4, M...M—-A; CVR.ILNVS. L € T,, we immediately get a contradiction. If j # 0,
then by (1} t € CjI_l. Since i # j, we have (i — 1) # (j —1). Thus, the binary representation
of i —1 and j — 1 must differ in at least one bit. This implies by ¢ € C’j{l and t € CL | that
there is some k € {1,...,n} such that ¢t € AZ and t ¢ AZ. Hence a contradiction. =

Now define concepts Dy ... Don_1 inductively as follows.

Do = VYR.LMVS.L
D; = dR.D;_yU3S8.D;_4

Intuitively, D; has the shape of a binary tree (due to role names R, S) and the height of the
tree is O(7). This implies |Can_1| is double exponential in n.

Claim 4.13. For every i € {0,...,2" — 1}, we have T, = C; = D;.

Proof of claim. The proof is by induction on ¢. The base case is when ¢ = 0. Then by the
axioms in Ty, it trivially follows that 7, F —-A; M...—-A, =VR.LMVS.L. In other words,
Tn = Co = Dy. Hence the claim holds in the base case.

For the inductive step, suppose i > 0. By the previous claim, 7, = C; = 3R.C;—1 U
35.C;—1; and by the inductive hypothesis, 7, E C;—1 = D;—1. But then 7, E C; =
JdR.D;_1 U3S.D;_1 which is what we wanted to show. =

By the previous claim, we have that for all ¢ € {0,...,2" —1}, D; is an explicit definition
of C; from ¥ = {R, S} under 7,. Then by Proposition 4.6 C; is implicitly definable from ¥
under 7,. In the rest of the proof, we show that each explicit definition of C; from ¥ under
Tn is at least double exponentially long. To this aim, we introduce interpretations that are
based on some elements of ¥*, where ¥* denotes the set of all strings over the symbols in
Y. More precisely, for every p € ¥* with 0 < [p| < 2™ — 1, we define the interpretation Z,
as follows.

o ATy = {p/ € ©* | p/ is a prefix of p};

e for all A € Ng,

383



TEN CATE, FRANCONI, & SEYLAN

— if A= A, for some j € {1,...,n}, then
A = {p/ € AT | Ais a conjunct of Clpl-p'| >

—if A# Ajforall je{l,...,n}, then Ay = ();
e for all T € Np,

— TZp = {(p1,p2) c ALr x AZp |pe=p1-T}HifT € X,
_ TIp:@7 ifTENR\E.

The following claim is easy to show.

Claim 4.14. For every p € ¥* with 0 < |p| < 2" — 1, we have
o I, =Ty, and
IP
e c € C|p|.
Denote for every i € {0,...,2" — 1}, the set of all p € ¥* such that |p| =i by X%

Claim 4.15. Leti €{0,...,2" — 1} and let C be an ALC-concept such that sig(C) C ¥ =
{R,S} and T, = C; = C. Then X' C Pe.

Proof of claim. Suppose first i = 0. Then X¢ = {e}. Moreover, by definition we have
¢ € Pco. Hence ¥ C Po, which is what we wanted to show.

Now suppose i > 0. We proceed towards a contradiction. Suppose that there is some
pa € X'\ Po. Let py be the prefix of p, with |py| = i — 1. Since i > 0, pp is well-defined.
We claim that for all s € AZrs € A%ra and D € sub(C) such that {s-p|p e Pp} C Pg,

s € DTm if and only if s € DTra, (3)

The proof is by induction on the structure of D. Since the base and the boolean cases are
trivial, we only treat the case D = Jo.F, where o € X..

e (=). Suppose s € DT, Then there is a t € AZr such that (s,t) € o7 and t € EZr.
Since t is in A%re as well, the former yields (s,t) € oZra. It thus remains to show
that t € EZra. By definition, t = s -0 and Pp = {¢} U{o-p | p € Pg}. Thus, our
assumption {s-p | p € Pp} C P yields {s} U{t-p | p € Pg} C Pc. This implies
{t-p|pé€ Pg} C Po. Then by the induction hypothesis and t € E%r, we obtain
t € ETra which is what we wanted to show for this direction of the proof.

e («). Suppose s € Dra. Then there is a t € A%re such that (s,t) € o?ra and
t € E%a. By definition, t = s-0 and Pp = {e}U{o-p | p € Pp}. Thus, our
assumption {s-p | p € Pp} C Pc yields {s} U{t-p|p € Pg} C Pc. This implies

{t-plpe P} C Pe. (4)

By and ¢ € Pg, we obtain t € Po. Since p, ¢ Pc, this means ¢t # p,. But then
t € Av and (s,t) € v, By , t € E®va | and the induction hypothesis, we have
t € ETn. Hence s € (30.E)%e.
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Thus, we have shown that holds. Now we arrive at a contradiction as follows. By

. T . . . .
Claim 4.14] we have ¢ € C’iI”“ and € € C;}, since |p,| = i and |py| = @ — 1, respectively.
T,
e € C;” implies by the definition of C; that ¢ ¢ C; ™. Then by 7, = C; = C and Claim[4.14
we obtain € € C%re and € ¢ C%»». But this contradicts with an immediate consequence of

(3), namely € € C%rv iff ¢ € C%ra. Hence a contradiction. Thus, we conclude that %! C Pg
for ¢ > 0. -

To show the theorem, we argue as follows. Suppose that C is an ALC-concept such
that 7, = Can_y = C and sig(C) C ¥. Then by the previous claim %2"~! C Pg. By its
definition, |%2"~!| = 22"~ and thus, 22"~! < |P¢|. Then by Lemma 22"l < |01
Hence the theorem follows. O

Remark 4.16. With the role disjunction constructor, which is not present in ALC, Cp
would admit a single exponentially long explicit definition from ¥ under Ty, in Theorem[{.11].

Remark 4.17. The lower bound argument in Theorem [{.11] works for CBP as well by just
setting ¥ = ().

Combined with Theorem [4.8] Theorem [4.11] implies that implicit definitions using gen-
eral TBoxes are exactly double exponentially more succinct than explicit definitions using
acyclic terminologies. This closes the open problem of ten Cate et al. (2006) about the size
of explicit definitions. Moreover, the same theorems establish an exact bound on the size of
equivalent rewritings of concept queries as considered by Seylan et al. (2009). Theorem m
also shows that Theorem 1 by Seylan et al. (2010), which claims a single exponential upper
bound on the size of explicit definitions in ALC, is wrong. The source of the problem in
the proof of Theorem 1 is Lemma 1, which claims a single exponential upper bound on the
size of interpolants in ALC.

4.2 Failure of Beth Definability in the Presence of Role Hierarchies

We now show that BP fails in the description logics that we consider that include role
hierarchies (). This shows that BP is indeed a stronger property than CBP because the
same logics have CBP (ten Cate et al., 2006).

Theorem 4.18. Let £ be ALCH or any of its extensions with constructors from {S,Z, F}.
Then £ does not have BP.

Proof. Let ¥ = {Ry, Ro} and consider the ALCH-TBox T that consists of

S C R
S C Ry
JdR1.ANVS.L C VRy.—A
JdR1.~ATIVS.L T VR A

It is easy to see that 7 is satisfiable. In fact, we will present two models of T below.

Claim 4.19. 3S5.T is implicitly definable from ¥ under T .
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Rl R2
C€S ;:) OO,
DA Yok
Figure 5: Interpretations Z and J that are used for disproving BP for ALCH

Proof of claim. Define X7 = {s € AT | 3t € AT.(s,t) € RF N RZ}. We will show that,
whenever Z |= T, then (35.T)Z = X7. This establishes the claim, since X7 depends only
on R? and RI.

First, we show (35.T)? C X7. Suppose that s € (35.T)%. Then there is some t € AL
such that (s,t) € ST. By the RIAs in T, we then have that (s,t) € Rf N RZ. Hence s € X7.

Next, we show X7 C (35.T)%. For contradiction, suppose that s € X7 and s ¢ (35.T)%,
i.e., s € (VS.L)L. Then there is some t € AT such that (s,t) € Rf N RZ and (s,t) ¢ SZ.
By the definition of an interpretation, either (i) ¢ € AZ or (ii) ¢t € (=A)r. If (i), then
by 3R;.ANVS.L C VRy.—A € T, we have t € (—A)%, which is a contradiction. If (ii),
then by 3R;.mAMNVS.L C VRy.A € T, we have t € AL, which is a contradiction. Hence
Xz C (38.T)L. 8

Let T = (AZ,.T) be the interpretation where
o AT = {s,t},
o RE = RE= ST = {{(s,0)}
e RT =(), forall R€ Ny \ (X U{S});
e BT =, for all B € N¢.
Let J = (A7,-7) be the interpretation where
o AV ={w,v,a,b},
o RY = {{w,a), {0,5)}, BY = {(w,b), (v,0)}:
e R7 =, for all R € N\ %;
o A7 = {a};
e BY =), for all B € (N¢\ {A}).

The interpretations Z and J are depicted in Figure 5] It is not hard to see that Z and J
are models of 7. Furthermore, the two structures are indistinguishable by concepts in the
signature 3, in the following sense:

Claim 4.20. For all SHIF-concepts C with sig(C') C ¥ = {R1, Ra}, we have

1. s € CT if and only if w € C7;
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2. s € CT if and only if v e CY;
3.t e CT if and only ifa € C7;
4. te CT if and only if b e C7

The proof of this claim is straightforward, by simultaneous induction on the structure
of the concept C' (alternatively, bisimulations can be used to establish the same result).

Since s € (3S.T)% and w ¢ (35.T)7, it follows that there is no SHZF-concept C such
that sig(C) € ¥ and 7 = 35.T = C. In summary, we have that the ALCH-concept 3S.T is
implicitly definable from ¥ under the ALCH-TBox T, but 35.T is not explicitly definable
from X under 7 in SHZF. We can conclude that BP fails for every description logic that
includes ALCH and that is included in SHZF. O

Theorem shows that Theorem 10 by Seylan et al. (2010), which claims that ALCH
and its extensions with & and/or Z have BP, is incorrect. The mistake in the proof is
that Theorem 9, which presents a reduction from the concept satisfiability problem w.r.t.
TBoxes in SHZ to the same problem in ALC, can not actually be used for computing
SHZI-interpolants.

4.3 Failure of Beth Definability in the Finite

We now consider BPF (the analogue of Beth Definability over finite structures). Before
we start, we explain our motivations. Seylan et al. (2009) consider an ontology-based data
access setting, where traditional ABoxes are replaced by DBoxes. Syntactically, DBoxes
are defined in the same way as ABoxes, but their semantics is different: while an ABox
is merely assumed to express true facts, a DBox is assumed to list all true facts for some
specified subset of the signature (known as the set of data predicates). Thus, for example,
D = {A(a), R(a,b)} is a DBox for data predicates A and R, and, by the definition of the
semantics of DBoxes, we have that, in every model T of D, AT = {a?} and R? = {(aZ,b?)}.
In this setting, the TBox may contain other predicates than the data predicates and the
authors use BP to determine whether a concept query over the signature of the TBox can be
rewritten to an equivalent first-order query over the data predicates. When this is possible,
computing the certain answers of the original query can then be reduced to computing
the answers of the rewriting over the DBox, viewed as a database. In the setting we have
described here, and for DLs without FMP, it is more natural to consider BPF than BP. The
reason is that, in every interpretation of a DBox, the data predicates are, by definition, finite
relations. In fact, the appropriate analogue of BP in this setting is one that is restricted
to interpretations in which the data predicates are finite and the rest of the signature is
unrestricted. This variant of BP can be viewed as a common generalization of BP and BFP.
We do not study it here, but the negative results that we will present below for BFP apply
to it as well.

Theorem below establishes that BPF fails in ., where .£ is any DL (among the
ones we consider) lacking FMP. More precisely, we show that there is an Z-TBox T, .Z-
concept C, and signature 3 such that C is f-implicitly definable from 3 under 7, and that
there is no f-explicit definition in .%, i.e., there is no .Z-concept D such that sig(D) C X
and T |=¢ C = D. Intuitively, the reason for the failure of BPF in these logics will be that
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they can not express the transitive closure of a role (see also the discussion below after the
proof of Theorem |4.21]).

Theorem 4.21. Let £ be ALCFI or any of its extensions with constructors from {S,H}.
Then £ does not have BPF.

Proof. We will, in fact, prove something stronger: we will construct an implicit definition
for which there is no corresponding explicit definition even in full first-order logic.

Let A, B, X be concept names and let R be a role name. Suppose ¥ = {R, A}. Consider
the ALCFZ-TBox T that consists of the following.

T C <IRN <I1R”
B C 3R.B
AC X
JR(AN-B) C -X
JR-X T -X

We will show that some concept is f-implicitly definable from ¥ under 7 but it is not
f-explicitly definable from Y under 7. The concept in question is A M B. Note that this
concept is finitely satisfiable w.r.t. T, i.e., there is some finite model Z of T such that
(AN B)t # (. In fact, we provide such a model Z,, below.

For an interpretation Z = (AZ,-Z). A sequence sq,...,s, of elements of AT is called
a finite R-path if n > 0 and (s;,s;11) € R for all i < n. An infinite R-path is defined
analogously. An R-path such that the start and the end nodes are the same is called an
R-cycle. Now we will show two claims that will be useful for the proof of the theorem.

Claim 4.22. Let T be a finite model of T. If s € BE, then (s,s) € (RY)*, where (RT)* is
the transitive closure of R™.

Proof of claim. Suppose that s € BY. Then the axiom B C 3R.B € T implies the existence
of the following infinite R-path:

P =30,81,---
where so = s and for all i > 0, we have s; € BL.

Since 7 is finite, there is some 0 < n < m such that s, = s,,,. If n = 0, we immediately
have that (s,s) € (RT)T. Otherwise, we claim that for all pairs (s;, s;) in the sequence
(Sny8m)s (Sn—1,8m—1),- - -+ (S0, Sm—n), We have s; = s;. The base case follows immediately
from s,, = s,,. For the inductive step, we have by the inductive hypothesis that s,_; =
Sm_; = t, for some t € AT, Then by the definition of p, (s, ;_1,t) € RT and (s,,_;_1,t) €
R?, which imply by the axiom T E< 1R~ € T and T |= T that s,_; 1 = S;,_;_1. Hence
we have that s = sg = 8,,_,,. But then (s, s) € (RT)*, which is what we wanted to show. -

Claim 4.23. AN B is f-implicitly definable from ¥ under T .

Proof of claim. For all interpretations Z, define

Y7 ={s e AT | (s,s) € (RE)" As € AT}.
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We will show that, for all finite models Z of 7, (AN B)% = Yz. This implies the claim, since
Y7 depends only on RT and AZ.

(=) Suppose s € (AN B)L. By Claim we know that (s,s) € (R%)*. But then
sEYr.

(«=) Suppose s € Y7. Then s € AT and (s,s) € (R%)*. Since s € AZ, it is enough to
show that s € BZ. By the definition of an interpretation, either s € BZ or s € (-B)Z. If
s € (-B)T, then by (s,s) € (RT)*, s € (AN -B)%, and the axioms IR.(AMN-B)C -X € T
and 3R.-X C -X € T, we have s € (-X)? which would be a contradiction by s € AT and
ALC X € 7. So it must be that s € BL. =

The rest of the proof is all about showing that there is no f-explicit definition of AN B
from ¥ under 7. To this aim, we start by defining an interpretation Z,,, parameterized by
a natural number n > 0.

o ATn = {s0,..., 80041} U{to,... tons1}

o RP = {(si,si41) |0 <@ <2n} U {{ti, tiv1) | 0 <i < 2n} U {(tans1,t0, })
o Aln =I5, t,}

e BIn = XTn = {t; |0 <i < 2n+ 1}

Claim 4.24. For every first-order formula ¢(x) there is an n > 0 such that Z,, = ¢ [sn] if
and only if T, = ¢ [tn].

Proof. We apply the Gaifman locality theorem (cf. Libkin, 2004). In the present setting,
where we only have unary and binary relations, and we are concerned with formulas in a
single free variable, the Gaifman locality theorem is particularly easy to state. Given an
interpretation Z and elements a,b € AL, we say that a and b have distance at most n relative
to a signature X, if there is a sequence s, . .., s, with 0 < m < n such that sqg = a, s,,, = b,
and for all 0 < i < m, pair (s;, s;+1) belongs to PT U (P)~ for some binary relation (i.e.,
role name) P € ¥. For any interpretation Z, element a € AT, and natural number n > 0,
we denote by Z [, the interpretation whose domain consists of the elements from AT that
have distance at most n from a, and whose relations are the ones from 7 restricted to this
subset of the domain. The Gaifman locality theorem can then be stated as follows: for
every first-order formula ¢(x), there is a natural number n > 0 such that, for all structures
T and elements a,b € AT, if T la,n is isomorphic to Z [, via an isomorphism that maps a
to b, then 7 |= ¢ [a] if and only if Z = ¢ [b].

Now, let ¢(z) be any first-order formula, and let n > 0 be the natural number given by
the Gaifman locality theorem. Consider the instance Z,, that we constructed earlier. It is
immediately clear from the construction of Z,, that Z,, [,  is isomorphic to Z,, [¢, », via an
isomorphism that maps s, to t,. Therefore, Z,, = ¢ [s,] if and only if Z,, = ¢ [t,]. O

Claim 4.25. There is no SHIF-concept C such that sig(C) C X and T =5 (AT1B) =C.

Proof of claim. We proceed towards a contradiction. Suppose C'is an ALCFZ-concept such
that sig(C) C X ={R,A} and T |y AN B = C. Let ¢(x) = 7,(C). Since s,, € (A1 B)I",
T =y AN B = C, and the fact that 7, is a finite model of T, we have Z,, £ ¢ [s,]; and
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by the same reasoning, we have Z,, = ¢ [t,]. But by the previous claim, Z,, |= ¢ [s,] if and
only if Z,, = ¢ [tn], which is a contradiction. =

In summary, we have that the ALCFZ-concept A M B is f-implicitly definable from X
under the ALCFZ-TBox T, but AN B is not f-explicitly definable from ¥ under 7 even in
SHIF (or in first-order logic, for that matter). It follows that, if . is any proper extension
of ALCFZ with constructors from {S,H}, then £ does not have BPF. O

We point out that the specific counterexample to BPF described in the proof of The-
orem [4.21] actually admits an explicit definition if one were to allow the use of transitive
closure. Specifically, it can be shown that A M (IR.T) M (-3IRT.~3IR.T) is an explicit
definition, where R™ denotes the transitive closure of the role R.

4.4 The Transitive Closure Operator

The proof of Theorem [4.21] suggests that the failure of BPF in the considered logics may
be caused by the fact that they can not express transitive closure. This raises the question
whether one can regain BPF by adding the transitive closure constructor to ALCFZ. In
this section, we show that ALCFZ extended with the transitive closure constructor still
lacks BPF.

In the following, we denote by .Z, the language obtained from .# by additionally al-
lowing RT as a role for every role R in .. This allows us to include such roles in the
inductive definition of concepts. However, if .Z includes functionality restrictions, then, as
usual, we forbid the use of transitive closure inside these functionality restrictions. In other
words, in concepts of the form < 1R, R is not allowed to make use of the transitive closure
constructor.

The semantics of the transitive closure construct is as expected, namely, (R*)Z is the
relation

{(s,t) | there are si,...,8, (n>1) with s, = s, 5, = t, and (s, s;41) € R for 1 < i < n}.
Theorem 4.26. ALCFZ, does not have BPF.

Proof. Consider the following ALCFZ,-TBox T.

T C <1R™ A C -B
T C 3RT JR.B C -B
T C 3IRT.A dJR-B C B

It is easy to see that T is finitely satisfiable, i.e., 7 has a finite model. In fact, we provide
finite models Z,,, for n > 0, of 7 below. We first show that the concept name B is f-implicitly
definable from ¥ = {R, A} under 7 and then show that there is no f-explicit definition of
this concept from 3 in the language. For an interpretation Z, an R-path and R-cycle in 7
are defined as in the proof of Theorem [£.21]

Claim 4.27. Let T be a finite model of T. Then for all s € AT, we have (s,s) € (RT)~.
Proof of claim. Identical to the proof of Claim [:22]in the proof of Theorem [4.21] —|
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Claim 4.28. We have
(a) TE=y TCE3R.T, and
(b) T }:f TLC<1R.

Proof of claim. Part (a) follows immediately from the previous claim.

To prove part (b), suppose, for the sake of a contradiction that 7 =y T C < 1R. Then
there is some finite model Z of T and s,t,u € AT such that t # u and (s,t), (s,u) € RZ.
Since TE< 1R~ € T and Z = 7 and by part (a) of our claim, we have that (R~)% is
the graph of a total function on AZ. Since t # u and (s, t), (s,u) € R, we also know that
the cardinality of the image Y of this function must be strictly smaller than the cardinality
of the domain, i.e., |Y| < |AZ|. This implies that Y C AZ. But this contradicts with
TLCJRTeT and I |=T. Hence we conclude that 7 =5 T E < 1R. -

For s,t € AT, we write odd(s, t) if there is an R-path of odd length from s to ¢, that is,
an R-path sg,...,s, such that s = sg, t = s,,, and n is odd. Note that in an R-path like
80, - --,8n, we always have n > 0.

Claim 4.29. For all finite models T of T, we have
BT = {s e AT |3t € AT.odd(s,t) At € AT}.

Proof of claim. (=) Suppose s € BL. By the first claim, there is some R-cycle p = sq, ..., sp,
where s9 = s, = s and n > 0. Since T C 3RT.A € T and Z |= T, there is some t € A
such that (s,t) € (R)? and t € AT. We claim that t = s;, for some i € {1,...,n —1}. To
show this, we proceed towards a contradiction.

Suppose that our claim does not hold. Then there is some R-path tg,...,%,, where
to = s and t,, = t. Obviously, this path is different from the R-cycle p since t does not
occur in p. Now by using 7 =5 T C< 1R from the previous claim, we can show that every
individual ¢; actually appears in p, which contradicts with the fact that ¢t does not appear
in p. Hence we conclude that there is some i € {1,...,n — 1} such that s; = ¢.

We will now show that 4 is odd. By AC -B €T, Z T, and t € A, we have t ¢ B”.
Then by using s € B and the axioms 3R.B C -B € T, 3R.~B C B € T, one can easily
show by induction that i is odd. This implies odd(s, t).

Hence there is some ¢ € AT such that odd(s,t) and t € AZ, which is what we wanted to
show.

(«=) Suppose s € AT such that there is some t € AT with odd(s,t) and t € AT. This implies
that there is some R-path sg,...,sy, such that so = s, s, = ¢, and n is odd. By t € AZ,
AC-BcT,andT =T, we have t ¢ B. Then by using the fact that n is odd, the axioms
JR.BC -B €T and 3R.~B C B € T, one can easily show by induction that s € BZ. o

Claim implies that B is f-implicitly definable from ¥ under 7. The rest of the proof
shows that there is no f-explicit definition of B from X under 7. For each n > 0, let Z,, be
the following interpretation:

° AI" = {80, .. .,82n+3}
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o BT = {(si;8i41) | 0 < i <2n 43} U{(s2n+3,50)}
o Aln = {5n+2}7

e BIn ={5,10<i<2n+3 and odd(s;, sp42)}-

Intuitively, Z,, is an R-cycle of (even) length 2n + 4, some of whose elements satisfy the
concept name A and/or B. Observe that Z,,, for n > 0, is a model of 7. Define the function
d : AT» N as follows.

L fi—(n+2) ifi>n+42
d(sl)_{ (n+2)—i ifi<n+2

In other words, d(s) is the distance between s and s, yo.
For each ALCFZ -concept C, we will denote by md(C') the modal depth of C, that is,
the maximal nesting depth of role constructors in C'. Formally,

e md(A) =md(T) =md(< 1R) =
e md(—C) = md(C)
e md(C M D) =max{md(C),md(D)}
e md(3R.C) = md(IRT.C) = md(C) + 1
where A € C4 and R is of the form P or P~ with P € Npg.
Claim 4.30. For alli € {0,...,n} and all s,s' € AT\ {s € AT~ | d(s) < i}, we have
seC iff & e CTn
for all ACCFTI-concepts with md(C) < i and sig(C) C X.

Proof of claim. Let i € {0,...,n}, s,s' € ATn\ {s € AT» | d(s) < i}, and C be an
ALCFT -concept with md(C') < i and sig(C) C X. The proof is by induction on 4.
For ¢ = 0. Since md(C') = 0 and sig(C) C %, C obeys the following grammar:

C:=T|AIK1S|-C|CnC

where S = R or S = R~ (recall that we forbid the use of transitive closure inside function-
ality restrictions).
By induction on the structure of C, we show that s € Cn iff s’ € C%n,

e C = T. By the definition of an interpretation, we have s € TZ» and s’ € TZ». Hence
s€ T iff ' € TIn.

e (' = A (recall that A is the only concept name in ¥). By assumption, we have s # $,,19
and s' # s,42. Then by the definition of Z,,, we obtain s ¢ AZ» and s’ ¢ AT». Hence
s € AT iff ' € ATn,

e C =< 18. By the definition of Z,,, we have for all t € AZ» that [ST»(¢)| = 1. Then in
particular, [STn(s)| =[S (s")| = 1. Hence s € (< 19)T iff s’ € (< 15)n.
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e (' = —D. Follows easily by the inductive hypothesis for C.
e U = (C1 Ny Follows easily by the inductive hypothesis for C.

Hence we conclude that s € CT iff s’ € CZn, for i = 0.
Next, consider the case that ¢ > 0, and let md(C) < i and sig(C) C ¥. Then we have
that C obeys the following grammar:

C:=38.E|3ST.E|-C|CnC

where md(E) <i—1,and S = R or S = R~. By induction on the structure of C, we show
that s € CT» iff s € CT».

o C =35.F with md(E) <i—1,and S = R or S = R™. By the definition of Z,,, we
have that there is exactly one t € AT with (s,t) € S7* and exactly one t' € AT with
(s',t') € STn. Moreover, t,t' € ATn\ {s € AT» | d(s) < i— 1}. We have that the
following are equivalent:

— s€ (3S.E)tn
— t € E™n (since t is the only individual with (s, t) € ")
— ' € ETn (by the inductive hypothesis for 7)
— s € (3S.E)" (since t is the only individual with (s',#) € STn).
e D =35 F withmd(E) =i—1,and S = Ror S = R™. Suppose first s € (35+.E)n.

Then there is some ¢t € AT such that (s, t) € (S7)T and t € EZ». We distinguish the
following cases:

— t # §'. Then by the definition of Z,,, we immediately obtain (s',t) € (S%")*; and
by t € EZ» this implies s’ € (3S*.E)%n.

— t = §. By the definition of Z,, we have (s',s) € (ST")*. Moreover, s,s €
ATn\ {s € ATn | d(s) < i —1}. Then by the inductive hypothesis on i and
s’ € ETn we have s € EZ», which implies by (s', s) € (SZ#)* that s’ € (3S+.E)%n.

Hence s’ € (3S*.E)I in both cases, which is what we wanted to show. The direction
from right to left can be shown analogously.

e The other cases can be shown easily by the inductive hypothesis on C.

Hence the claim follows. =

Claim 4.31. There is no ALCFI, -concept C such that sig(C) C {A, R} and T =y B=C.

Proof of claim. We proceed towards a contradiction so suppose the existence of such a
concept C. By definition, md(C) = n, for some n > 0; and sg, s € A%\ {s € AT» | d(s) <
n}. Then by the previous claim, we have sg € C% iff s € CZ». Then by the fact that T,
is a finite model of 7 and T =y B = C, we have sg € B iff s; € BT, This implies by the
definition of Z,, and Claimthat odd(sg, spt2) iff odd(s1, sp+2), which is a contradiction.
Hence we conclude that there exists no ALCFZ-concept C such that sig(C) C {A, R} and
TEB=C. 4
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Now the proof of the theorem is as follows. By Claim B is f-implicitly definable
from ¥ = {A, R} under 7. But by Claim B is not f-explicitly definable from ¥ under
T. Hence ALCFZ. does not have BPF. O

5. Concluding Remarks

In this paper, we studied BP in expressive DLs with commonly used concept constructors.
All of these constructors appear in the Web Ontology Language OWL-Lite (Horrocks et al.,
2003). OWL-Lite is now superseded by OWL 2, which supports some other important con-
structors such as nominals, denoted by O in the language, and qualified number restrictions,
denoted by Q in the language. There are already some results available regarding BP in
logics having Q or O.

Q is a generalization of F and ten Cate et al. (2006) show via a model-theoretic argument
that CBP holds in ALCQ. We believe that BP can also be shown to hold for ALCQ and
ALCQOT using a model-theoretic argument; although such an argument gives no upper
bound on the size of explicit definitions. Extending our upper bound results on the size of
explicit definitions to these logics appears to be more difficult because of the unavailability
of a natural and optimal tableau algorithm for these logics.

In logics with O, besides the concept and role names, we assume a set Ny = {i,7,...}
of nominals. Syntactically, nominals are treated as atomic concepts but semantically each
nominal is interpreted as a singleton set. The presence of nominals gives rise to two differ-
ent Beth definability properties. In the first one, we are allowed to restrict the nominals
appearing in implicit/explicit definitions by making them part of the signature ¥; in the
second one, definitions are allowed to use any nominal from N;. Obviously, the first one
is a stronger property. Ten Cate et al. (2006) show that even the second property fails in
ALCQO. They also observe that extending ALCO with concepts of the form @Q;C' is enough
to regain CBP. Intuitively, @;C says that the point satisfying the nominal i also satisfies
the concept C.

In a similar way, one can try to identify an extension of ALCH that has BP. In the
proof of Theorem our argument for the failure of BP in the considered logics was that
they can not express role conjunction. It remains open if ALCH extended with the role
conjunction constructor has BP. Another interesting open question is to identify a minimal
extension of ALCFZ having BPF.

By Theorem we know how to compute first-order explicit definitions of single
exponential size, given that a concept is implicitly defined under a TBox. We leave as
another open problem the existence of a matching lower bound, i.e., is there a family of
TBoxes implicitly defining a concept such that smallest explicit definitions in first-order
logic are single exponentially big?
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Appendix A. Quasimodels

Decision procedures based on semantic tableau do not construct a model of the given for-
mula/concept, but a finite representation of a model from which the model can be unfolded.
In this paper, we will use the term ‘quasimodel’ to denote such a finite representation follow-
ing Andréka, Németi, and van Benthem (1998). Various other names have been used in the
literature, including Hintikka structures (Schwendimann, 1998), model graph (Goré, 1999),
and even tableau (Horrocks & Sattler, 2007). Modulo some differences, the building blocks
of these structures are sets of finite concepts each of which is a subset of a relevant concept
closure. We will be using the definition of concept closure cl(C,T') given in Section

Remark A.1. For the rest of the appendiz, we assume that ALCF-concepts are defined
recursively as in Section using also L, L, VR.C, and > 2R as primitives; all concepts
are in NNF; and ALCF-TBoxes consist only of axioms of the form T E C. For a discussion
of these assumptions, we refer the reader to the beginning of Section|3.1]

Not every subset of the concept closure is suitable to take part in a quasimodel. Depend-
ing on the logic at hand, these sets satisfy some basic consistency requirements. Following,
e.g., Lutz et al. (2005), we will use the term ‘type’ to denote these sets satisfying these re-
quirements. Note, however, that the non-membership of a concept in a type does not imply
the membership of the negation of the concept in the type. In this respect, our types are
similar to Hintikka sets, which are also called downward-saturated sets (cf. Fitting, 1996).

Definition A.2. Let Cy be an ALCF-concept and let T be an ALCF-TBox. A 1 C
cl(Co, T) is called an (Cy, T)-type for ALCF if and only if for all A,C,C1,C2,3R.C,>
2R, < 1R € cl(Cy, T),

(Pr) Lgm;

(P_) {4, A} 2 7;

(Pr) if C11Cy € 7, then Cy € T and Cy € T;
(Pu) ifCLUCy €T, then Cy €1 or Cy € T;
(Pc) f TCCeT, then C €Ty

(Pw) {<1R,> 2R} Z 7;

(P<1) if {< 1R, 3R.C} C 7, then VR.C € .

When a type belongs to a quasimodel, it may force some other type to also belong to
the quasimodel, for instance to witness an existential statement. In fact, a quasimodel is a
collection of types coherent with each other in this sense.
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Definition A.3. Let Cy be an ALCF-concept, T an ALCF-TBox and T,v two (Co,T)-
types for ALCF.

o We write 2% v if IR.C € T and {C}U{C"|VR.C" e T} Cw.

. WewriteT%UifZQReT and {C" |VR.C' e 7} Cw.

o A set Q of (Co, T)-types for ACCF is a (Cop, T )-quasimodel for ALCF if it satisfies:

(a) there is some 19 € Q such that Cy € Tp;
(b) for every T € Q and AR.C € T, there is a type v € Q such that T ELEoN v; and

(c) for every T € Q and > 2R € T, there is a type v € Q such that T 225 ..

The following theorem will be useful in soundness and completeness proofs of the tableau
and interpolation algorithms. Its proof is inspired by Marx and Venema (2007).

Theorem A.4. An ALCF-concept Cy is satisfiable w.r.t. an ALCF-TBox T if and only if
there is some (Cy, T )-quasimodel for ALCF.

Proof. (=) Given a model Z = (AT, .Z) of T with CZ # (), we carve out for all s € AZ, a
set of concepts L(s) C cl(Cp, T) as follows.

L(s) ={C e c(Cy,T) | s e CT}.

Now let Q = {L(s) | s € AT}
Claim A.5. Fach T € Q is a (Cy, T)-type for ALCF.

Proof of claim. Suppose 7 € Q. Then 7 = £L(s) for some s € AZ. We verify the conditions
in Definition

By definition, 17 = ) and thus s ¢ 17 and thus L & £(s). Hence (P, ) is satisfied.

By the virtue of Z being an interpretation, it is not the case that s € AZ and s € (=A)~.
Hence (P-) is satisfied.

If C; M Cy € L(s), then s € (C; M C2)E. Since Z is an interpretation, s € CT and
s € C%. But then Cy, 0y € L(s). Hence (Pp) is satisfied.

If C11UCy € L(s), then s € (C;1LUCy)E. Since 7 is an interpretation, s € Cf or s € CF.
But then C € L(s) or Cy € L(s). Hence (P\,) is satisfied.

If TC CeT,then AT C CT and thus s € CF. But then C € L(s). Hence (Pc) is
satisfied.

Suppose for a contradiction that (Py) does not hold. Then s € (< 1R)? and s € (>
2R)T. But this is a contradiction. Hence (Pu) is satisfied.

Suppose {< 1R,3R.C} C 7. By assumption s € (< 1R)? and s € (3R.C)%. Then it
follows that there is exactly one t € A” such that (s,t) € RT and t € C*. But then
s € (VR.C)L. Hence (P<;) is satisfied.
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Since we have shown that all the conditions in Definition are satisfied, we conclude that
7 is a (Cp, T)-type for ALCF. —|

We claim that @ is a (Cy, T)-quasimodel. By Claim if 7 € @, then 7 is a (Cp, T)-type
for ALCF. Thus it remains to show that condition (a), (b), and (c) from Definition are
satisfied.

For (a), since CZ # (), there is some sy € AT such that sy € CZ and by the construction
of Q, L(sp) is in Q. Hence, condition (a) is satisfied.

For condition (b), suppose IR.C' € L(s) for some s € AZ. This means s € (IR.C)%,
i.e., there is some individual ¢ such that (s,t) € RT and ¢t € CZ. Then by the construction
of @, we have C' € L(t). Now let YVR.D € L(s). Then by the construction of @), we have

s € (VR.D)%. This implies by (s,t) € R? that t € DZ. By the construction of @ again, we

obtain D € L(t). Hence, L(s) E20N L(t); and we conclude that (b) is satisfied.

The proof for (c) is analogous.

(<) Suppose that @ is a (Cy, T)-quasimodel for ALCF. The idea of the proof is to construct
an interpretation Z inductively using @ and then show that Z = 7 and C’OI # (). For this
construction, we need to introduce some notation first.

Let Z be an interpretation and let £ : AT — Q. A pair (s,C) with s € A? and
C € c(Cyp,T) is called a defect of Z w.r.t. L, if and only if,

e JR.C € L(s) and there is no t € AT such that (s,t) € RZ and C € L(t), or
e >2R € L(s) and [{t € AT | (s,t) € RT}| < 2.

Fix amap f : cl(Cp,T) — N, and let < be any linear order on the Cartesian product N x N
of order type w (recall that a countably infinite linear order is said to have order type w if
for each element in the order there are only finitely many elements that are less than it; it
is well known that there are linear orders on N x N of order type w).

We are now ready to define by induction the interpretations Z; = (A%, -7) with A% C N
and mappings £; : AT — Q, for i € N.
Base case. By condition (a) from Definition there is some type 79 € Q with Cy € 9.
Define the interpretation Z; as follows.

o Ao = {5} for some s € N;

e for all A € N¢,
— if A € 79, then A%0 = {s},
— if A ¢ 719, then AT0 = {);

e for all R € Ng, R = ().

Set ﬁo = {S — 7’0}.

Inductive step. If there is no defect of Z; w.r.t. £;, then set Z;11 = Z; and L1 = L;;
otherwise, let (s, C') be the least defect of Z; w.r.t. £;, i.e., for every defect (¢, D) of Z; w.r.t.
L;, we have (s, f(C)) = (t, f(D)) (using the fact that < has order type w). By Li(s) € Q
and conditions (b) and (c) from Definition there is some 7 € @ such that £;(s) <o
If C = 3R.D, then let t € N\ A% and define
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o ATit1 = AT U {t},
e for all A € Ng,
— if A €7, then AT+1 = AT U {t},
— if A&7, then AT+t = ATi;
e for all S € Ng,
— if S = R, then STi+1 = {(s,t)} U ST,
— if S # R, then §%i+1 = §%i,
Also set Liy1 = L; U{t — 7}. If C => 2R, then let t1,to € N\ A% with ¢ # t and define
o ATit1t = ATiy {t1,t2},
e for all A € Ng,
— if A €7, then Alitt = ATy {tl,tg},
— if A&7, then ATi+1 = ATi;
e for all S € Ng,
— if S = R, then STi+1 = {(s,t1), (s,t2)} U ST,
— if S # R, then ST+ = 8%,

Also set L;41 = L;U{t; — 7,12 — 7}. This finishes our inductive construction. Now define
the interpretation Z as follows:

o AT ={J;50 A%,
e for all P € No U Ng, PT = ;50 P%.
Also set L = UiZO L;. Observe that £ is a total mapping from AT to Q.

Claim A.6. For all concepts C € cl(Co, T) and all s € AL, if C € L(s) then s € CZ.

Proof of claim. Let s and C be as stated in the claim. Suppose C € L(s). Then by the
definition of £, there is some ¢ € N such that C € £;(s); let i be the smallest natural number
satisfying C' € L£;(s), i.e., Z; is the interpretation that we introduced s. By induction on the
structure of C, we show that s € CZ. Since for all 7 € Q, we have L ¢ 7 by (P_), it follows
that C # 1. Hence, we consider the remaining cases for C.

e C' = T. We have by assumption that s € AZ, ie., s € TZL.

e C' = A, for some A € N¢. Then by the definition of Z; and A € £;(s), it immediately
follows that s € A%i. This implies by the definition of Z that s € AZ.

o C'=—A, forsome A € N¢. Since L;(s) € Q, L;(s) satisfies (P-). Then by =A € L;(s),
we have A ¢ L;(s). One can now easily show by induction that for all k& > i, we have
s ¢ ATk This implies by our assumption about 4 that for all k € N, s & A%, Then
by the definition of Z, we obtain s ¢ AZ, i.e., s € (-A)Z.
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C = C1 M Cy. Follows easily by the inductive hypothesis and (Pr).

C = C1 U Cy. Follows easily by the inductive hypothesis and (Py,).

C = VR.D. Let t € AT such that (s,t) € RT. We need to show that t € DZ. By
(s,t) € RZ, there is some k € N such that (s,t) € R™; w.l.o.g. assume that 7, is the
interpretation that we introduced ¢. It follows that there is some E € cl(Cp, T) such
that (s, E) is a defect of Zj,_ w.r.t. L_1 and Li(s) £ Ly (t). This implies D € L(t).
Then by the definition of £, we obtain D € L(t). By the inductive hypothesis, this
implies ¢t € DZ. Hence, s € (VR.D)T.

e C'=3JR.D. By our assumption about i, we have that (s, C) is a defect of Z; w.r.t. £;.
By the definition of <, there are finitely many pairs (t, E) with ¢ € Nand E € cl(Cy, T)
such that (t, f(E)) = (s, f(C)). This implies that there is some k& > ¢ such that we
‘fix’ the defect (s, C) at step k. Then there is some ¢t € AT+ such that (s,t) € R% and
D € Li(t). By the definition of Z, we then have (s,t) € RZ and D € L(t). By the
inductive hypothesis, the latter implies ¢t € D*. Hence, s € (3R.D)*.

e C =< 1R. Suppose for a contradiction that there are ti,ts € AT such that ¢; % 1o
and (s,t1), (s,ta) € RT. Then there are ki, ks € N such that (s,t;) € R™ and T,
is the interpretation that we introduced ¢;, for each ¢ € {1,2}. By our construction,
this implies that there are concepts C1,Cy € cl(Cy,T) such that (s,C;) is a defect
of Ty, wrt. Lg,_1 and L, (s) LN Ly, (t;), for each i € {1,2}. It follows that
C; #> 2R, for each ¢ € {1,2}; otherwise, we would obtain a contradiction by (Pu).
Thus, Cy = 3R.D; and Cy = 3R.Dy. Then by the definition of cl(Cy, T ), we have
VR.D1,YR.Dy € cl(Cp,T); and by (P<i1), this implies VR.D1,VR.Dy € Ly, (s) =
Ly, (s). Suppose w.l.o.g. that k1 < ka. Then Dy € Ly, (t1). But this contradicts with
the fact that (s, 3R.D3) is a defect of Ty, 1 w.r.t Li,_1.

e C =>2R. This case can be shown similarly to the case C = 3R.D.

Since we considered all the possible cases, we conclude that the claim holds. .

Using Claim this direction of the Theorem can now be shown easily as follows. By
the base case of our inductive construction, there is some s € A% such that Cy € Lo(s).
This implies Cp € L(s) and then by Claim we obtain s € CZ. Moreover, by Claim
and (Pc), we have 7 |= T. Hence Cj is satisfiable w.r.t. 7. O

Appendix B. Useful Lemmas for Tableau Correctness and Interpolation
For all ® C cllU clr, we define
d(1) ={C|C' e ®ncll} and &(r) = {C | C* € d N clr}.

®(A) is a shorthand for ®(1) U ®(r). In the following the signature of a set of ALCF-
concepts S will be of concern. We define sig(S) = (Jpcgsig(C). Let 7 be a finite set of
ALCF-concepts and T be an ALCF-TBox. We say that 7 is satisfiable w.r.t. T if and only
if [|pe, D is satisfiable w.r.t. 7. Moreover a ® C cll Uclr is satisfiable w.r.t. T if and only
if ®()\) is satisfiable w.r.t. T.
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Lemma B.1. Let ® C cllUclr be satisfiable w.r.t. T. We have

e if x is an x-burden of ® for x € {M,< 1,3,> 2} and V¥ is the x-relief of ®, then ¥ is
satisfiable w.r.t. T ;

e if x is an U-burden of ®, then there is some x-relief ¥ of ® such that ¥ is satisfiable
w.r.t. T.

Proof. Suppose that ® is as stated in the Theorem, i.e., it is satisfiable w.r.t. 7. This
means ®(\) is satisfiable w.r.t. 7. By Theorem we then have that there is some
(C, T)-quasimodel @ for ALCF, where C' = |—|D€¢,(/\) D. This means there is some 7 € )
such that ®(\) C 7. We will also use the term (7, T)-quasimodel for Q.

Assume that (C; M Cs)? is an M-burden of ®. Then the (Cy M Co)*-relief of ® is ¥ =
d U {(C1)*, (C2)*}. By (Pr), {C1,C2} C 7 and thus ¥(\) C 7. Hence W()) is satisfiable
w.r.t. 7.

Assume that (< 1R)* is an < 1-burden of ®. Then the (< 1R)*-relief of ® is ¥ =
o U{(VR.C)" | (3R.C)" € ®}. If (3R.C)" € @, then JR.C € 7 and by (P<1), VR.C € 7.
Hence U(A) C 7 and VU is satisfiable w.r.t. T.

Assume that (3R.C)" is an F-burden of ®. ®()\) C 7 so by condition (b) of Defini-
tion there is some v € @ such that v 2 {C}U{D | VR.D € ®(\)}; and by (Pr),
{E|TCE €T} Cwo. Let ¥ be the (3R.C) -relief of ®. Then we have ¥()\) C v. Hence
U is satisfiable w.r.t. 7.

Assume that (> 2R)* is an > 2-burden of ®. ®(\) C 7 so by condition (b) of Def-
inition there is some v € @ such that v D {D | VR.D € ®(\)}; and by (Pr),
{E| TC E € T} C v Let U be the > 2R-relief of ®. Then we have U(\) C v.
Hence U is satisfiable w.r.t. 7.

Assume that (C; U C2)? is an U-burden ®. Then for some (C; L Cy)*-relief ¥ of @, we
have ¥(\) C 7 by (Py). Hence, there is some (C LI Cy)*-relief of ® that is satisfiable w.r.t.
T. O

Proposition B.2. Let T be an ALCF-TBox and Cy,C4,...,Cyh, D be ALCF-concepts.
1. IfTECNC N...NC, C D, then

T E3JR.CoNVR.CiM...MVR.C,, C 3R.D.

2.If TEDCChU...UCy, then

T E3IR.DCIRCLU...UIR.Ch.

3. IfTEC,M...NC, C D, then

T =>2RNYR.CyMN...NYR.C, CT3R.D.

Proof. For 1}, we proceed towards a contradiction. Suppose 7 = Co1C1M...MC, T D
and T (£ JR.CoMVR.C1M...MVR.Cy, C IR.D. Then there is some model Z of T such that
IEConCin...NC, CEDand Z ~3R.CoMVR.C1M...MVR.C,, C JR.D. By the latter
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there is some s € AZ such that s € (3R.CoMVR.C1M...MYR.C,)* and s ¢ (R.D)%. That
is, there is some ¢ € AT such that (s,t) € RT, t € (Con1C1M...NCy)E, and t € (=D)Z.
But this contradicts with Z = Co 1 C111...MCy, C D.

For we proceed towards a contradiction. Suppose 7 = D C Cy U ... U C, and
T ¥ 3R.D C 3R.Cy U...U3R.Cy. Then there is some model Z of 7 such that Z = D C
CiU...uC,and Z = 3R.D C IR.Cy LU... U3R.C,,. By the latter there is some s € A?
such that s € (3R.D)? and s ¢ (3R.C; U ... U3IR.C,)E. That is there is some t € AL
such that (s,t) € R, t € D%, and t € (=Cy M...M=C,)%. But this contradicts with
IEDCCIU...UC,. O

Proposition B.3. Let C be an ALCF-concept and R be a role name. Then
E<1RMN3IR.CNVR.C=<1RN3R.C.

Proof. That =< 1RM3JR.C MVR.C C< 1R M 3R.C is trivial. For the other direction,
suppose for a contradiction that F< 1RM3IR.C C< 1RMIR.CMVR.C. This means there
is some interpretation Z = (AZ,.T) such that 7 < 1RM3R.C C< 1RM3IR.CNVR.C.
Thus there is some s € AT such that s € (< 1R)%, s € (AR.C)Z, and s € (3R.-C)L. By
the last two there are t1,to € AT such that (s,t1), (s,t2) € RE, t; € CT, and t, € (-C)~.
But by s € (< 1R)%, t; = to which is a contradiction. O

Lemma B.4. Let ® C cllUclr. We have
1. if 1Y € ®, then L is an interpolant of ®;
2. if LT € ®, then T is an interpolant of ®;
3. for a concept C' of the form A or < 1R,

(a) if {CY, (=)'} C @, then L is an interpolant of ®;
(b) if {C*,(=C)'} C P, then T is an interpolant of ®;
(c) if {CY,(-C)*} C @, then C is an interpolant of ®;
(d) if {C%,(~C)} C @, then ~C' is an interpolant of ®;

4. if U is the (CyMCy)*-relief of ® and I is an interpolant of ¥, then I is an interpolant
of ®;

5. if U1 and Yo are (Cy U Cg)l—reliefs of ®, and I, Is are interpolants of W1, Wy respec-
tively, then Iy U Iy is an interpolant of ®;

6. if U1 and Wy are (C1 U Co)"-reliefs of ®, and I, Iy are interpolants of W1, Wy respec-
tively, then I1 11 Iy is an interpolant of ®;

7. if W is the (< 1R)-relief of ®, there is no biased concept of the form (3R.C)* € @,
and I is an interpolant of V, then I is an interpolant of ®;

8. if W is the (< 1R) -relief of ®, there is no biased concept of the form (IR.C)! € @,
and I is an interpolant of W, then I is an interpolant of ®;
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9. if U is the (< 1R) -relief of ®, there is some biased concept of the form (IR.C)* € ®,
and I is an interpolant of W, then IM < 1R is an interpolant of ®;

10. if ¥ is the (< 1R)*-relief of ®, there is some biased concept of the form (IR.C)! € @,
and I is an interpolant of ¥, then IU > 2R is an interpolant of ®;

11. if U is the (AR.C) -relief of ®, I is an interpolant of ¥, and there is no biased concept
of the form (VR.D)" € ®, then L is an interpolant of ®;

12. if U is the (AR.C)* -relief of ®, I is an interpolant of ¥, and there is no biased concept
of the form (VR.D)! € ®, then T is an interpolant of ®;

13. if U is the (AR.C) -relief of ®, I is an interpolant of ¥, and there is some biased
concept of the form (VR.D)* € ®, then IR.I is an interpolant of ®;

14. if W is the (3R.C)"-relief of ®, I is an interpolant of ¥V, and there is some biased
concept of the form (VR.D)! € ®, then YR.I is an interpolant of ®;

15. if U is the (> 2R) -relief of ®, I is an interpolant of ¥, and there is no biased concept
of the form (VR.D)* € ®, then L is an interpolant of ®;

16. if U is the (> 2R)"-relief of ®, I is an interpolant of ¥, and there is no biased concept
of the form (VR.D)' € ®, then T is an interpolant of ®;

17. if U is the (> 2R)'-relief of ®, I is an interpolant of ¥, and there is some biased
concept of the form (VR.D)* € ®, then IR.I is an interpolant of ®;

18. if W is the (> 2R)"-relief of ®, I is an interpolant of V¥, and there is some biased
concept of the form (VR.D)! € ®, then VYR.I is an interpolant of ®.

Proof. For I} Suppose ®(1) = {X;,..., X, } U{L} and ®(r) = {Y1,...,Y}. But T =
1nXxin.., X, CLland T = L C Y U...U~Y,, hold trivially. Since L is a logical
constant, ) = sig(L) C sig(®(1)) Nsig(P(r)). Hence [1] is satisfied.

For Suppose ®(r) = {Y1,...,Y,} U {Ll} and ®(1) = {X1,...,X,}. But 7 E
Xin..., X, CTandTETC=Y;U...U=Y, UT hold trivially. Since T is a logical
constant, ) = sig(T) C sig(®(1)) Nsig(P(r)). Hence [2] is satisfied.

For Suppose ®(1) = {X;,..., X,,} U{C,=C} and ®(r) = {Y1,...,Yn}. But T
X1M...,X,NCN-CCE Land T E L C=Y1U...U=Y,, hold trivially. Since L is a logical
constant, ) = sig(L) C sig(®(1)) Nsig(P(r)). Hence [3a] is satisfied.

The argument for [3b]is analogous to the previous case.

ForBd Suppose ®(1) = {Xy,..., X,}U{C} and ®(r) = {V1,..., Y, }U{~C}. Bt T |=
X1M..NnX,nCCC,TECC-YU...UuaY,U=(=C), and sig(C) C sig(P(1)) Nsig(P(r))
hold trivially. Hence [3d is satisfied.

The argument for [3d| is analogous to the previous case.

For Suppose ¥ is a (C1MCy ) -relief of @, I is an interpolant of ¥, ®(1) = {X1,..., X,,}U
{C1NC%}, and ®(r) = {Y1,..., Y, }. By assumption, 7 = X;M...NX,,"1(C1MNC2)NCMCy C
Lie, T EXiN...NX,N(C1MNCy) ETand T = I C =Y. ..U=Y,,. By assumption again,
sig(U(1)) = sig(®(1)) and sig(V(r)) = sig(P(r)), and thus sig(l) C sig(P(1)) N sig(P(r)).
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Therefore I is an interpolant of ®. The case for when W is a (Cy M Cq)"-relief of ® and I is
an interpolant of ¥ can be shown analogously. Hence [4] is satisfied.

For [5, Suppose ¥; and ¥y are (Cy L Cy)l-reliefs of ®, Iy, I are interpolants of Wy, ¥y
respectively, ®(1) = {X1,...,X,} U{C; Uy}, and ®(r) = {Y1,...,Y:,n}. By assumption,
TEXIN.NX,NC1UuC)NCiELHand T EX1MN...NX, N (CUC)MCy C Is.
Then we have the following.

TELUL J (X3n...nX,n(Ciucy)nch)u
(Xll_l...l_an[—l(CllJCQ)l_lCQ)
Tl:Iﬂ_JIQ (Xl|_|...|_|Xn|_|(Cl|_|C2))|_|(Cl|_|CQ)

|
T':I1UIQ 4 X1|_|...|_|Xn|_|(01|_|02)

For the other half, by assumption 7 =11 C =Y, U...U=Y,, and T | Io C =Y L. .. U=Y,,.
But then 7 = L1 UI, C =Y U...U=Y,,. Clearly, sig(I; U Is) C sig(®(1)) Nsig(®(r)). Hence
[l is satisfied.

The argument for [0]is analogous to the previous case.

For [7 Suppose

e Uis a (< 1R)-relief of @,
e [ is an interpolant of W,

o &(1) = {Xy1,...,Xp} U{< 1R} U{3R.C,...,3R.Cy}, where {IR.Cy,...,3JR.C}} =
{3R.C € (1)},

e O(r) ={Y1,..., Y},
e there is no biased concept of the form (IR.C)* € ®.

Let E=VR.C;M...MYR.Cy. By assumption,

TEXiN..NnX,N<1RMN3IRC;N...NIRCyNECI.

Then by Proposition
TEXiN...NX,N<1RMO3IR.CiMN...N3IR.CLC T

which is what we wanted to show. For the other half, since there is no biased concept of
the form (3R.C)" € &, we have ®(r) = U(r). But then

T):IE—\lel_l...U—!Ym

which is what we wanted to show. By assumption sig(¥(1)) = sig(®(1)) and sig(¥(r)) =
sig(®(r)), and thus sig(I) C sig(®(1)) Nsig(P(r)). Therefore I is an interpolant of ®. Hence
[0 is satisfied.

can be shown analogously to the previous case.

For [0l Suppose

e Uis a (< 1R)-relief of @,
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e [ is an interpolant of U,

o O(1) = {Xy,... ,Xn} u{< 1R} U {E]R.Cl, e ,E]R.Ck}, where {HR.Cl, ceey HRCk} =
(AR.C € B()},

o O(r) = {Yi,...,Yu} U{3R.Dy,...,3R.D;}, where {IR.Dy,...,3R.D;} = {IR.C €
o(r)},

e there is some biased concept of the form (IR.C)* € ®.
Let E=VR.C;M...MYR.Cy. By assumption,
TEXiN..NnX,N<1RMN3IRC;MN...NIRCyNECI.
Also, we trivially have the following.
TEXiN..NX,N<1RMN3IRC;N...N3IR.C,NELCLI1R.
Combining these two, we get
TEXin..NnX,N<1RN3IRC N..NIRC,NECIN<IR

which is what we wanted to show.
For the other half, let F = 3dR.-Cy U ...UdR.—~(C;. By the assumption about I,

TEIC-Y1U...Uu-Y, UVR-CiU...UVR.~C;UF.
From this, we trivially get
TEIC-Y,U...Uu-Y, UVR~-CiU...UVR~C;UFU > 2R.
Then by Proposition B3]
TEIC-YU...U~Y, UVR-CiU...UVR.~C|U > 2R,
which implies
TEIN<IRC-Y;U...U=Y,UVR-CiU...UVR.~Cy,

and this is what we wanted to show. By assumption sig(¥(1)) = sig(®(1)) and sig(¥(r)) =
sig(®(r)), and thus sig(l) C sig(®(1)) N sig(P(r)). Moreover, since there is some biased
concept of the form (IR.C)" € @, R € sig(P(1)) Nsig(P(r)). In conclusion, sig(IM < 1R) €
sig(®(1)) Nsig(®(r)). Hence [J]is satisfied.

can be shown analogously to the previous case.

For [T1] Suppose the following:

e U is the (IR.C)L-relief of ®,

e [ is an interpolant of ¥,
* E=[lrcoer €5 F = Urceer G,
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o (1) ={Xy,...,X,} U{IR.C} U{VR.D1,...,VR.D},}, where {VR.D, ... ,VR.D;} =
{VR.D € ®(1)},

e there is no biased concept of the form (VR.D)" € ®.

By the last assumption, ¥(r) = {C' | T C C € T;}. By assumption, 7 = I C F. Since
T E FC 1, we have that T =1 = 1 and thus 7 &= 3R.I = 1. By assumption again
TECNDN...NDyNECI. Since T =T C E, we have that 7 =CMNDyM...MDy C I.

By Proposition
T E3IRCNVR.D1M...MVYR.D; C 3R.I.

However by 7 = JR.I = L this means
7T EIJRCNVR.D1M...MYR.D, C 1.

Hence,
TEXiN..NX,N3IR.CNVYR.D;MN...NMYR.D, C L

which is what we wanted to show. For the other half, let ®(r) = {Y1,...,Y,,}. Since
T =1 = 1, we have trivially

T}:J_E—d/ll_l...u—!Ym
As the final step, we need to show that
sig(L) C sig(@(1)) N sig(®(x)).

But this follows easily since | is a logical constant. Hence [11]is satisfied.
For [12] Suppose the following:

e VU is the (3R.C)"-relief of P,
e [ is an interpolant of ¥,

o B = ﬂTgCeﬁ ¢, F= LlTQOEﬂ -C,

o O(r) ={Yi,..., Y} U{IR.CYU{VR.Dy,...,VR.Dy}, where {VR.Dy,... ,VR.D},} =
{VR.D € &(r)},

e there is no biased concept of the form (YR.D)! € ®.

By the last assumption, U(1) = {C | T C C € T1}. By assumption, 7 = E C I. Since
T =TCE, wehave that 7 |=I = T and thus 7 |=VR.I = T. By assumption again 7 =
I C -CU-DiU...U-DgUF. Since T = F C L, we have that T = I C -CU-D;U...U-Dy.
By Proposition [B:2]

TEVRICVR-CU3IR-D;U...U3R.~Dy.
However by 7 = T = VR.I, this means

TETCVR-CU3IR-DU...U3R.~Dy.
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Hence,
TETC-YiU...u~Y, UVR-CUIR-D;U...U3R.~Dy,

which is what we wanted to show. For the other half, let ®(1) = {X;,...,X,}. Since
T =1=T, we have trivially

TEXiN...NX,CT
As the final step, we need to show that
sig(T) C sig(®(1)) Nsig(P(r)).

But this follows easily since T is a logical constant. Hence [12]is satisfied.
For Suppose the following;:

e U is the (3R.C)L-relief of @,
e [ is an interpolant of U,

o B = HTgCeTl C, F= UT;CeTr ~C,

o o) = {X1,...,X,} U{SR.CYU{VR.Dy,... YR.D}}, where {VR.D:,...,YR.D},} =
{VR.D € ®(1)},

o O(r) ={Y1,..., Y} U{VR.C,...,VR.C}}, where | > 1 and {VR.C},...,VR.C}} =
{VR.C € ®(r)}.

By assumption, 7 E CMN Dy M...MDyME C I. Since T = T C E, we have that
TECNDN...NDLC 1. ByProposition

7 E3R.CNYR.D,M...NMYR.D; C 3R.I (5)
Now by , we have
TEXiN..NnX,N3R.CNVR.D;M...MYR.D; C IR.1

which is what we wanted to show. Now we argue for the other half. By assumption,
TEIC-CiU...U-CjUF. Since T EFC 1, we have that T = I C -Cy U... U (.
By Proposition [B:2]

7T E=3RIC -VR.CyU...U—-VR.C) (6)

Now by @, we have
TEIRIC-Y1U...U~Y,, U-VR.CiU...U~VR.C|
which is what we wanted to show. As the final step, we need to show that
sig(3R.1) C sig(®(1)) Nsig(P(r)).

But this follows easily since by assumption sig(I) C sig(®(1))Nsig(®(r)) and R € sig(P(1))N
sig(®(r)), where the latter is a consequence of [ > 1.

The argument for [T4] is analogous to the previous case. Moreover can be
shown similarly to [13] [14] respectively. O
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Appendix C. Tableau Correctness, Termination, and Interpolation

Lemma C.1. Let T = (V, &) be the output of the second phase. Then for every node g € V:
1. g.status is either sat or unsat.
2. If g.status = unsat, then either one of the following holds.

e g is a sink node{ﬂ containing a clash;

e there is exactly one successor of g of g such that for some (C1MC5)» € g.content,
g'.content is a (Cy M Cy)*-relief of g.content and ¢’ .status = unsat;

e there is exactly one successor of g’ of g such that for some (< 1R)* € g.content,
¢ .content is a (< 1R)*-relief of g.content and ¢'.status = unsat;

e there are exactly n successors gi,...,gn of g, where n is the cardinality of the
set {(C1)M, ..., (Cp)*} of all 3- or > 2-burdens of g.content, g;.content is the
(C;)i-relief of g.content fori € {1,...,n}, and there is some i € {1,...,n} such
that g;.status = unsat; or

e there are exactly two successors g1, go of g such that for some (Cy L Co)* €
g.content, g;.content is a (CyLICy) -relief of g.content fori € {1,2}, g.content #
ga.content, and g;.status = unsat fori € {1,2}.

3. If g.status = sat, then either one of the following holds.

e g is a sink node not containing a clash,

e there is exactly one successor of g of g such that for some (C1MC5)» € g.content,
g'.content is a (Cy M Cy)*-relief of g.content and ¢'.status = sat;

e there is exactly one successor of g’ of g such that for some (< 1R)* € g.content,
¢ .content is a (< 1R)*-relief of g.content and ¢'.status = sat;

e there are exactly n successors gi,...,gn of g, where n is the cardinality of the
set {(C1)™M, ..., (Cp) Y} of all 3- or > 2-burdens of g.content, g;.content is the
(Ci)i-relief of g.content for i € {1,...,n}, and for all i € {1,...,n} we have
g;.status = sat; or

e there are exactly two successors g1, go of g such that for some (Cy U Co)* €

g.content, g;.content is a (C1LICy) -relief of g.content fori € {1,2}, g;.content #
g2.content, and there is some i € {1,2} such that g;.status = sat.

Proof. [1] clearly follows from the fact that every node that is not assigned the status unsat
during the Propagate step of Algorithm [1| gets the status sat at the end (Assign) of Algo-
rithm [I

Let g € V. By the definition of the tableau algorithm, g satisfies exactly one of the
following structural conditions:

e ¢ is a sink node;

3. a node with no outgoing edges
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e there are exactly two successors g1, go of g such that for some (C; L Cy)* € g.content,
gi-content is a (Cy Ll Cy)*-relief of g.content for i € {1,2};

e there is exactly one successor of ¢’ of g such that for some (C; M Cy)* € g.content,
¢ .content is a (Cy M Cy)*-relief of g.content;

e there is exactly one successor of ¢’ of g such that for some (< 1R)* € g.content,
g .content is a (< 1R) -relief of g.content;

e there are exactly n successors gi,...,¢gn of g, where n is the cardinality of the set
{(C1)M, ..., (Cp)*} of all 3- or > 2-burdens of g.content, and g;.content is the (C;)*n-
relief of g.content for i € {1,...,n}.

Suppose first g.status = unsat then g clearly respects [2| because these are the only ways
for a node to get status unsat in Propagate. Suppose now g.status = sat. Then g.status is
determined in Assign of Algorithm [I} We distinguish between the structural properties of
g above.

Suppose g is a sink node. This means that no rule is applied to g. Then by g.status =
sat, we immediately obtain that g.status does not contain a clash; because if g.status
contains a clash, we would have g.status = unsat and this contradicts with the fact that
for every node g € V, the value of g.status is only calculated once.

Suppose there are exactly two successors g1, g2 of g such that for some (Cy LI Co)* €
g.content, g;.content is a (Cy LI Cy)*-relief of g.content for i € {1,2}. Since g.status = sat,
g.status was undefined right before Assign. This implies that there is some ¢ € {1,2}
such that g;.status was undefined because otherwise g.status = unsat. Then after Assign,
g;.status = sat. Hence, g satisfies

Suppose there is exactly one successor of ¢’ of g such that for some (C; M Cy)* €
g.content, ¢'.content is a (Cy M Cy)*-relief of g.content. Since g.status = sat, g.status was
undefined right before Assign. This implies that, ¢’.status was undefined before Assign
because otherwise g.status = unsat. Then after Assign, ¢’.status = sat. Hence, g satisfies
Bl

The remaining cases can be shown analogously. Hence the lemma follows. ]

Proof of Lemma[3.7] We start with some observations. Algorithm [I] assigns the status
unsat to nodes in V during the Propagate phase. These status assignment steps induce a
sequence 0,1,2..... To each assignment step i, we can associate a set V; such that V; are
all the nodes with status unsat so far. Observe that from step 7 to step 7 + 1, we extend
V; by a single node only. By induction on the number of status assignment steps, we first
show that for all g € V;,

e g.content is unsatisfiable w.r.t. T;
e there is some ALCF-concept C such that

— int(g) = C,
— (' is an interpolant of g.content,
— |int(g)] <2072 — 1.
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As the base case, we have that Vy = {g} for some sink node g € V containing a clash.
Obviously, g.content is unsatisfiable. The interpolant calculation rules of Figure [2] cover all
the cases for this clash and thus, some ALCF-concept is assigned to int(g). By Lemma[B.4]
int(g) is an interpolant of g.content. We claim that |int(g)| < 2. For int(g) of the form T,
1, A, or —A, this is clear; and for int(g) of the form < 1R (or > 2R), we observe that
it can be encoded using one symbol for < 1 (resp. > 2) and one symbol for R. Hence,
lint(g)] <2 < 2*2 — 1 and the inductive hypothesis holds for the base case.

For the inductive step, let V11 = V; U {g}. The inductive hypothesis holds for every
g €V, trivially; thus, we only consider the case for g. By Lemma we have five cases
to distinguish:

1. g is a sink node containing a clash. This can be shown analogously to the base case.

2. There is exactly one successor of ¢’ of g such that for some (Cy M Cs)* € g.content,
¢ .content is a (C] M Cy)*-relief of g.content and ¢'.status = unsat. By the inductive
hypothesis, ¢'.content is unsatisfiable w.r.t. 7T, int(¢’) is an interpolant of ¢’, and
lint(¢’)| < 22 — 1. Then by (the contrapositive version of) Lemma g.content
is unsatisfiable w.r.t. 7. Moreover, Cn was applied to calculate int(g) and int(g) =
int(¢'). By Lemma int(g) is an interpolant of g.content. We have by int(g) =
int(¢') and |int(¢’)| < 272 —1 that |int(g)| < 2!*3 — 1. Hence the inductive hypothesis
holds for this case.

3. There are exactly two successors g1, g2 of g such that for some (C; LIC3)* € g.content,
gj.content is a (C L Cy)*-relief of g.content for j € {1,2}, gi.content # gy.content,
and gj.status = unsat for j € {1,2}. By the inductive hypothesis, g;.content is
unsatisfiable w.r.t. T, int(g;) is an interpolant of g;, and [int(g;)| < 272 — 1, for j €
{1,2}. Then by (the contrapositive version of) Lemma g.content is unsatisfiable
w.r.t. 7. Moreover, depending on A, either C!, or C*, was applied to calculate int(g).
By Lemma|[B.4] int(¢g) is an interpolant of g.content. We have that |int(g)| = |int(g1)|+
lint(g2)| + 1. Then by the inductive hypothesis, we obtain

lint(g)] < (22 — 1)+ (272 — 1) +1 =23 — 1.
Thus, the inductive hypothesis holds for this case.

4. The other cases can be shown similarly.

Hence, our claim follows.

Now, we use the claim that we have just shown to prove the lemma. Let g € V with
g.status = unsat. By Lemma we have |V| < 2", where n = |cll Uclr|. Thus, in the
worst case, there are 2" status assignment steps in Propagate because then Von = ). Since
g.status = unsat, it follows that g € Vaon. Then by our claim, g.content is unsatisfiable w.r.t.
T, int(g) is defined and it is an interpolant of g.content, and |int(g)| < 22"*2 -1 =4.22" —1.
But then int(g) € O(22"). Hence the lemma follows. O

Proof of Lemma (3.8 Algorithm [I] consists of two stages: Propagate and Assign.

In Assign, we make 2" assignments because by Lemma [3.5] the number of nodes in the
tableau is bounded by that number. Moreover, each assignment step takes a constant time.
So the whole Assign stage takes time O(2").
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In Propagate, we have a for loop inside a do-while loop. The for loop iterates over 2"
nodes and assigns, if possible, the status unsat to a node by checking in the worst case n
direct successors of the node. If the algorithm assigns the status unsat to a node g, then it
also assigns a concept to int(g). By Lemma lint(g)] < O(2%"). Thus it spends most of
its time calculating int(g). Suppose the for loop finished its iteration over all nodes in the
tableau. Now if during its execution, none of the nodes got the status unsat, the do-while
loop terminates because done = true. In the worst case, a status will be assigned only to
one node in each iteration of the do-while loop. Hence the do-while loop iterates at most 2™
times and as we discussed each iteration takes time at most O(22") because of interpolation
calculation. Since this dominates the runtime of Algorithm [I], the lemma follows. O

Lemma C.2 (Soundness). If T is a closed (Cy C Dy, T)-tableau, then T = Cy C Dy.

Proof. Let T be a closed (Cy C Dy, T)-tableau. Since T is closed, gg.content = unsat. By
go.content = {(Co)!, (-Do)*}U{FE' | TC E€ T} U{E* | TC E € T;} and Lemma
this implies

TEGN [| ECDu || -E

TCEeT TCEEeT:
But then 7 = Cy C Dy. O

Definition C.3. Let T = (V,&) be the output of the second phase. We say that a node
g € V is saturated if and only if

e g.status = sat and g is a sink node, or
e g.status = sat and Ry was applied to g.

Forg,g €V, ¢ is called a saturation of g if and only if ¢’ is saturated, and there is a path
9=290,91,---,9k = ¢ with k >0 in T such that for each 0 < i < k, we have g;.status = sat
and the edge (gi, gi+1) was created by an application of a rule in {Rm, Ry, R<1}.

Lemma C.4. Let T = (V,&) be a complete tableau for (Co T Dy, T). Then we have
1. If g €V is saturated, then g.content(\) is a (Co M Dy, T)-type.

2. If g € V with g.status = sat, then there is some saturation ¢ of g with ¢'.content D
g.content.

Proof. For |1} suppose that g is saturated. We need to show that g.content()\) satisfies
Definition We start with g.content(\) C cl(Co M -Dg,T). Let C € g.content(\). Then
it follows that C* € g.content, for some A € {l,r}. Since g.content C cll U clr, we have that
C* € cllUclr. This implies C' € cl(Co, T1) U cl(+Dyg, 7). But then C' € cl(Co M Dy, T),
which is what we wanted to show.

Now we show that the properties in Definition [A.2]are satisfied. By definition, g.status =
sat. g does not contain a clash because otherwise g.status = unsat which would contradict
our assumption. Hence, (Py), (P-), and (P.) are satisfied. By definition, g is a sink node
or R was applied to g. In both cases, we have that none of {Rn, R, R<1} is applicable
to g: for the former, this follows from the fact that no rule is applicable to g; and for the
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latter, this follows from our rule precedence. Hence, (Pn), (Py), (P<1) are satisfied. Finally,
we have {C' | T C C € T} C g.content()\) as an easy consequence of the definition of the
tableau algorithm. This means (Pc) is satisfied. Hence, we conclude that (1| holds.

For |2, suppose g € V with g.status = sat. That there is some saturation ¢’ of g with
g .content O g.content follows easily by Lemma |C.1 O

Lemma C.5 (Completeness). If T is an open (Co T Dg, T)-tableau, then T = Cy C Dy.

Proof. Suppose T = (V,&) is an open (Cy C Dg, T )-tableau. Since T is open, we have
go.status = sat. Then by Lemmal[C.4] there is some saturation g, of go such that g,.content 2O
go-content. Since g, is saturated, it follows by Lemma that g,.content(\) is a (Cy I
=Dy, T)-type. Let 1o = {CoM-Dp}Ugy.content(A). We claim that 7p is also a (CoM-Dy, T)-
type. Suppose for a contradiction that it is not. Since g,.content(\) is such a type, it follows
that (Pn) is violated for Cy M =Dy € 79, i.e., {Co, Do} € 79. Then by the definition of 7y,
this means {Cp, 7Dy} Z gs.content(N). But we know that {Cp, 7Dgp} C go.content(\) and
by g«.content O gg.content, this implies {Cp, "Dy} C g..content()\), i.e., a contradiction.
Hence we conclude that 79 is a (Cy M =Dy, T)-type. Define

Q = {10} U{g.content()) | g € V is saturated}.

We show that @ is a (Co M Dy, T)-quasimodel because then 7 £ Cy T Dy follows by
Theorem It is easy to see that @ is a set of (Cy M =Dy, T)-types: we have already
shown that 7p is such a type; and for g.content(\) with g € V is saturated, this fact
follows immediately by Lemma It remains to show that conditions (a), (b), (c) from
Definition [A.3] hold.

Condition (a) holds since 19 € @ and Cy M -Dy € 7.

Suppose that IR.C' € 7 for some 7 € Q. We distinguish between 7 = 79 and 7 =
g.content(\) for some saturated g € V. We first argue for the latter. Since g is saturated
and JR.C € g.content()\), R3 was applied to g; since g is saturated, we have g.status = sat.
Then by Lemma there is some successor ¢’ of g in T such that {C} U{D | VR.D €
7} C ¢'.content()) and ¢'.status = sat. Then by Lemma|C.4] there is some saturation g” of
g’ such that ¢”.content D ¢’.content. Since ¢” is saturated, we have that ¢”.content()\) € Q

and ¢”.content()) is a (Cy M =Dy, T)-type. But then 7 20N g".content(\). The case for
T = 19 follows analogously by using the fact that there is some successor ¢’ of g, in T such
that {C}U{D | VR.D € 7} C ¢'.content(\) and ¢'.status = sat. Hence condition (b) from
Definition is satisfied.

That condition (c) holds can be shown very similarly to the previous case; we leave it
to the reader to verify this. Hence, we conclude that @ is a (Co M Dy, T )-quasimodel. [

Proposition [3.9| now follows immediately from Lemma [C.2] and Lemma
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