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Abstract

We study learning of description logic TBoxes in An-
gluin et al.’s framework of exact learning via queries.
We admit entailment queries (“is a given subsumption
entailed by the target TBox?”’) and equivalence queries
(“is a given TBox equivalent to the target TBox?”), as-
suming that the signature and logic of the target TBox
are known. We present three main results: (1) TBoxes
formulated in DL-Lite with role inclusions and £L£Z
concepts on the right-hand side of concept inclusions
can be learned in polynomial time; (2) ££ TBoxes
with only concept names on the right-hand side of con-
cept inclusions can be learned in polynomial time; and
(3) £L TBoxes cannot be learned in polynomial time.
It follows that non-polynomial time learnability of ££
TBoxes is caused by the interaction between existen-
tial restrictions on the right- and left-hand sides of con-
cept inclusions. We also show that neither entailment
nor equivalence queries alone are sufficient in cases (1)
and (2) above.

Successfully deploying a description logic (DL) in a con-
crete application requires to carefully capture the relevant
domain knowledge in a DL ontology. This is a subtle, error-
prone, and time consuming task, which is further hindered
by the fact that domain experts are rarely experts in on-
tology engineering and, conversely, ontology engineers are
often not sufficiently familiar with the domain to be mod-
eled. From its beginnings, DL research was driven by the
aim to provide various forms of support for ontology engi-
neers, assisting them in the design of high-quality ontolo-
gies. Examples include the ubiquitous task of ontology clas-
sification (Baader et al. 2003), bootstrapping ontology de-
sign from examples, data, or text (Baader and Molitor 2000;
Borchmann and Distel 2011; Ma and Distel 2013) and
checking the completeness of the modeling in a systematic
way (Baader et al. 2007).

Machine learning (ML) techniques are natural candidates
to support ontology engineering by partly automatizing the
design process, and in fact ML approaches have been pro-
posed for ontology engineering in non-DL-contexts. There,
the main focus is on mining the relevant terms of the ap-
plication domain from bodies of text and semi-structured

Copyright (© 2013, Association for the Advancement of Artificial
Intelligence (www.aaai.org). All rights reserved.

Ana Ozaki Frank Wolter
University of Liverpool University of Liverpool
United Kingdom United Kingdom

data with the aim of including them in the ontology. Some
approaches also support learning of subsumptions between
the identified terms, but not between compound logical ex-
pressions based on these terms (Cimiano, Hotho, and Staab
2005; Buitelaar, Cimiano, and Magnini 2005). In the con-
text of DL ontologies, though, the main objective is to de-
velop a detailed modeling of the relevent concepts of the
domain using the logical operators provided by the DL at
hand (Voelker 2009). In this paper, we thus concentrate on
learning the full logical structure of a DL TBox. In particu-
lar, we study the foundations of learning ontologies that are
formulated in several DLs which underly the three tractable
profiles of the OWL2 ontology language.

We adopt Angluin et al.’s framework of exact learning via
queries (Angluin 1987c). In particular, we are interested in
learning a target TBox 7 that is formulated in a given DL
and whose signature X (the concept and role names that oc-
cur in 7) is also known, by posing queries to an oracle. Intu-
itively, the oracle can be thought of as a domain expert who
interacts with the learning algorithm. We consider two forms
of oracle queries:

e entailment queries: does 7T entail a given > concept in-
clusion C' C D? These queries are answered by the oracle
with ‘yes’ or 'no’.

e equivalence queries: is a given >-TBox H (the hypothe-
sis) equivalent to 7? The oracle answers ‘yes’ if 7 and
T are logically equivalent and ‘no’ otherwise. It then re-
turns a Y-inclusion C C D such that 7 = C C D and
H = C T D (a positive counterexample), or vice versa
(a negative counterexample).

We generally assume that the inclusions used in entailment
queries and returned by equivalence queries are of the same
form as the inclusions allowed in the target TBox. While,
in general, answering an equivalence query of the above
form can be expected to be rather challenging also for a do-
main expert and an ontology engineer, we emphasize that
the actual algorithms developed in this paper use equiva-
lence queries only in a very restricted way. In particular, our
algorithms always ensure that the hypothesis TBox H that
they maintain is a logical consequence of the target TBox 7,
and then use equivalence queries only to ask ‘is the TBox ‘H
learned so far complete and if not, please give me a missing
inclusion C C D’.



Following Angluin, our aim is to find (deterministic)
learning algorithms that run in polynomial time and conse-
quently also make only polynomially many oracle queries.
More precisely, we require that there is a two-variable poly-
nomial p(n, m) such that at every point of the algorithm exe-
cution, the time spent up to that point is bounded by p(n, m),
where n is the size of the target TBox 7 to be learned and m
is the size of the largest (positive or negative) counterexam-
ple that was returned by the oracle until the considered point
of the execution. If such an algorithm exists, then £ TBoxes
are polynomial time learnable.

Within the setup laid out above, we study three different
DLs, which are significant fragments of the three profiles of
OWL2 (Motik et al. 2009). The popular description logic £L£
can be viewed as a logical core of the OWL2 EL profile of
OWL2. It is known that propositional Horn formulas, which
correspond to £L TBoxes without existential restrictions,
can be learned in polynomial time when both entailment
and equivalence queries are available, but not when one of
these types of queries is disallowed (Frazier and Pitt 1993;
Angluin, Frazier, and Pitt 1992; Angluin 1987a), see also
(Arias and Balcazar 2011). We show that, in contrast, ££
TBoxes are not polynomial time learnable. The results for
the other two DLs that we study will shed some light on the
reasons for this behaviour.

The DL-Lite family of DLs underlies the OWL2 QL pro-
file of OWL2 (Calvanese et al. 2007). In many versions
of DL-Lite such as in DL-Liter (DL-Lite with role inclu-
sions), the number of X-concept inclusions is polynomial
in the size of 3. In this case, TBoxes are trivially learnable
in polynomial time, even when only entailment queries (but
no equivalence queries) are available or vice versa. We thus
consider the more interesting DL—Lite% dialect, that is, the
extension of DL-Liter that allows any £L£Z concept on the
right-hand side of concept inclusions. Note that DL-Lite%
can be viewed as a logical core of OWL2 QL. Here, the
number of Y-concept inclusions is infinite, but we are never-
theless able to establish that DL—Lite% TBoxes are polyno-
mial time learnable. In practice, many £L£ TBoxes actually
fall within (the intersection of ££ and) DL-Lite%. We also

show that DL—Lite?2 TBoxes cannot be learned in polyno-
mial time with entailment queries alone or with equivalence
queries alone.

We then consider the fragment £Lns of £L where only
concept names (but no compound concepts) are admitted on
the right-hand side of concept inclusions. £Ljys is a signifi-
cant fragment of the OWL2 RL profile of OWL2, and also
a fragment of datalog. We prove that £L),s TBoxes can be
learned in polynomial time using a non-trivial extension of
Angluin’s polynomial time agorithm for learning proposi-
tional Horn theories (1992). Note that the symmetric frag-
ment €L that allows only concept names on the right-
hand side of concept inclusions is a fragment of DL—Lite?z.
Together, our results for DL—Lite% and £ Ljs thus show that
non-polynomial time learnability of £L£ TBoxes is caused by
the interaction between existential restrictions on the right-
and left-hand sides of concept inclusions.

To improve readability, we first present the upper bounds

(polynomial time learnability for DL-Lite?2 and £L)s) and
then the lower bounds. Proof details are provided in the ap-
pendix of this paper.

Related Work. In the terminology of the learning litera-
ture, entailment queries are a kind of membership queries,
which can take many different forms (Raedt 1997). Learn-
ing using membership and equivalence queries appears to
be the most successful protocol for exact learning in An-
gluin’s framework. Apart from propositional Horn formulas,
polynomial time learnable classes for this protocol include
regular sets (Angluin 1987b) and monotone DNF (Angluin
1987¢). Exploring the possibilities of extending the learning
algorithm for propositional Horn formulas to (fragments) of
first-order Horn logic has been a major topic in exact learn-
ing (Reddy and Tadepalli 1999; Arias and Khardon 2002;
Arias, Khardon, and Maloberti 2007; Selman and Fern
2011). Note that £ L5 can be regarded as a fragment of first-
order (FO) Horn logic. Existing approaches to polynomial
time learning of FO Horn formulas either disallow recursion,
bound the number of individual variables per Horn clause,
or admit additional queries in the learning protocol. None of
this is the case in our setup. Also related to our work is exact
learning of schema mappings in data exchange, as recently
studied in (ten Cate, Dalmau, and Kolaitis 2012). In this and
some other studies mentioned above, membership queries
take the form of interpretations (“is a given interpretation a
model of the target theory?”). In DL, exact learning has been
studied for CLASSIC in (Frazier and Pitt 1996) where it is
shown that single CLASSIC concepts (but not TBoxes) can
be learned in polynomial time (here membership queries are
concepts). Learning single concepts using refinement oper-
ators has been studied in (Lehmann and Hitzler 2010).

Preliminaries

Let N¢ be a countably infinite set of concept names and Ng
a countably infinite set of role names. The dialect DL-Lite%,
of DL-Lite is defined as follows (Calvanese et al. 2007). A
role is a role name or an inverse role v~ with r € Ng. A role
inclusion (RI) is of the form r C s, where r and s are roles. A
basic concept is either a concept name or of the form 3r.T,
with r a role. A DL-Lite% concept inclusion (CI) is of the
form B C C, where B is a basic concept and C'is an ELT
concept, that is, C'is formed according to the rule

¢,D = A | T | ¢nD | IrC | I~ .C

where A ranges over N¢ and r ranges over Ng. A DL—Lite?1
TBox is a finite set of DL-Lite7 Cls and RIs.!

As usual, an EL concept is an ELT concept that does
not use inverse roles, an EL concept inclusion has the
form C'C D with C' and D £L concepts, and a (general)
EL TBox is a finite set of £L concept inclusions (Baader,
Brandt, and Lutz 2005). We use C' = D as an abbrevi-
ation for the inclusions C T D and D T C. An L
TBox 7T is acyclic if it consists of inclusions A C C' and

"For simplicity, we consider DL-Lite without disjointness ax-
ioms. All our results also hold for the extension of DL-Lite3, with
disjointness.



A = C such that A is a concept name, no concept names
occurs more than once on the left hand side of an inclu-
sion in 7, and 7 contains no cycles (Baader et al. 2003;
Koneyv et al. 2012). The semantics of concepts and TBoxes
is defined as usual in terms of interpretations (Baader et al.
2003). For a TBox 7T and concept inclusion C' C D, we
write 7 = C C D if every model Z of T also satisfies
C C D. T is omitted if it is empty, that is, we then sim-
ply write = C' © D. We say that concepts C' and D are
equivalent w.r.t. T and write C =5 D ifboth T = C C D
and 7 = D C C; if r, s are roles, r =7 s is defined anal-
ogously. A signature ¥ is a finite set of concept and role
names. The size of a concept C, denoted with |C|, is the
length of the string that represents it, where concept names
and role names are considered to be of length one. The size
of a TBox 7, denoted with |71, is > per |C] + |D.

Learning DL-Lite;, TBoxes in
Polynomial Time

We prove that DL-Lite% TBoxes can be learned in polyno-
mial time. The signature X of the target TBox 7 is known to
the learner. To simplify presentation, we assume that the tar-
get TBox is in named form, that is, it contains for each role
r a concept name A, such that A, = 3Ir.T € T. This as-
sumption is without loss of generality since any (polynomial
time) learning algorithm for TBoxes in named form can be
transformed into one for unrestricted TBoxes: the algorithm
still uses the concept names A,. in its internal representations
(although they are no longer included in the target signature
%), and replaces each A, with 3r.T in queries to the oracle
and when ultimately returning the TBox that it has learned.

In an initial phase, the learning algorithm for DL-Lite%
TBoxes determines, using at most O(|X|?) entailment
queries, all CIs By C By with 7 = By C By and By, By
basic concepts and the set of all RIsr C s with 7 =7 C s.
A concept or role inclusion is in reduced form if all ba-
sic concepts that occur in it are concept names. We assume
without further notice that all concept inclusions considered
by the learner, except those that have been determined in the
initial phase, are in reduced form. In particular, counterex-
amples returned by the oracle are immediately converted
into this form.

To formulate the learning algorithm, it is useful to iden-
tify each £LZ concept C' with a finite tree T whose nodes
are labeled with sets of concept names and whose edges are
labeled with roles. In detail, if A is a concept name, then
T4 has a single node d with label [(d) = {A};if C' = 3r.D,
then T is obtained from 7T'p by adding a new root dy and an
edge from dj to the root d of Tp with label I(dy, d) = r (we
then call d an r-successor of dy); if C = D1 M Do, then T
is obtained by identifying the roots of Tp, and Tp,. Con-
versely, every tree T of the described form gives rise to an
ELT concept Cp in the obvious way. We will not always
distinguish explicitly between C' and its tree representation
T which allows us to speak, for example, about the nodes
and subtrees of an £L7Z concept.

The following notion plays a central role in the learn-
ing algorithm. Let 7 be a DL-Litez; TBox. A DL-Lite%,

Algorithm 1 The learning algorithm for DL-Lite%

1: Compute
Hpasic={rCs|T ErCstU
{Bl C BQ ‘ T ': Bl C BQ, Bl,Bg basic}

2: Set Hygq = 0

3: while Equivalent (Hpqsic U Hadq)? returns “no” do

4: Let A C C be the returned positive counterexample
for T relative to Hpqsic U Hadd

5: Find a T -essential inclusion A’ C C' with
Hpasic U Haaa 2 A" C O (entailment queries)

6: if thereis A’ C C" € Hyqq then

7: Find T -essential inclusion A’ T C* such that

(entailment queries)

ECcrCconc (entailment queries)
8: Replace A’ C C” by A’ € C* in Haaq
9: else
10: add A’ C C’" to Hada
11: end if

12: end while
13: Set 7‘[ - Hbasic U Hadd'

inclusion A T C' is T-essential if it is in reduced form,
T = A C C, and the following conditions are satisfied:

1. A C C is concept saturated for T if C’ results from C
by adding a concept name A’ to the label of some node,
then 7 £ AC C.

2. A C C is role saturated for T if C’ results from C' by
replacing arole r by arole ' with 7’ Zy rand T =7/ C
r,then T = AC C'.

3. A C C is sibling-merged for T: if C’ is the result of
identifying in C' an r-successor and an s-successor of the
same node where r =7 s, then T £ A C C'2

4. A T C is parent/child-merged for T: if d' is an r-
successor of d in C and d” is an s-successor of d’' with
r~ =7 s,then T &£ A C C’ where C' results from C by
identifying d and d".

5. A C Cis minimal for T if d’ is an r-successor of d in C
and A’ is in the node label of d, then 7 £ A’ C Fr.C’
where C’ corresponds to the subtree rooted at d’ (where
A’ #£1 Aif d is the root of C).

Note that Points 1 to 5 carefully mix conditions that ‘max-
imize’ (Points 1 and 2) and ‘minimize’ (Point 5) the con-
cept C'. Points 3 and 4 are a form of maximization.

The algorithm for learning DL—Lite% TBoxes in named
form is given as Algorithm 1, where the implementation of
the lines marked with “(entailment queries)” requires the ex-
ecution of entailment queries as detailed below. Observe
that, in Line 4, the assumption that a positive counterexam-
ple is returned by the oracle (i.e., CI entailed by 7 but not
by Hpasic U Hadq) is justified by the construction of Hygsic
and H,qq4, that is, we only include inclusions entailed by the

The node that results from the identification is then either an
r-successor or an s-successor of its parent, which is equivalent.



Figure 1: Minimization.

target TBox 7 in our hypothesis TBox Hpgsic U Hadq and
thus, at all times, 7 | Hpasic U Hada- We now show in
more detail how Lines 5 and 7 can be implemented, and that
only polynomially many entailment queries are required.
The next lemma addresses Line 5.

Lemma 1 Given a positive counterexample A T C for T
relative t0 Hpasic U Hadd, one can construct a T -essential
such counterexample using only polynomially many entail-
ment queries in |C| + |T|.

Proof. Let A T C be a positive counterexample for T rela-
tive to Hpgsic U Haga. We may assume that A © C is in
reduced form and exhaustively apply the following rules,
which rely on posing entailment queries to the oracle:

(Concept saturation) if 7 = A C C” and C" results from C
by adding a concept name A’ to the label of some node, then
replace AC Cby AC C'.

(Role saturation) if 7 = A C C’ and C’ results from C by
replacing a role r by a v/ with r Z7 7" and T E ' C r,
then replace AC C by AC C'.

(Sibling merging) if 7 = A C C’ and C’ is the result of
identifying in C' an r-successor and an s-successor of the
same node where r =7 s, then replace AC C by A C (.

(Parent/child merging) if d’ is an r-successor of d in C, d" is
an s-successor of ' withr~ =7 s,and T = A C C’ where
C’ results from C by identifying d and d”, then replace A C
Cby ACC".

(Minimization) if d’ is an r-successor of d, A’ is in the node
label of d, and C’ corresponds to the subtree rooted at d’,
T | A’ C 3r.C’" (plus A" Z1 Aif d is the root of C'), then
replace A C C' by

(a) A' C Ir.C" if Hpasic U Hadd [# A'C Ir.C

(b)y ACC|y, |» where Cly | is obtained from C by removing
the subtree generated by d’ from C, otherwise.

The last rule is illustrated in Figure 1. It follows directly
from the definition of the rules that the final concept inclu-
sion is 7 -essential. Let us verify that it is also a positive
counterexample for T relative to Hpgsic U Hagq- It suffices
to show that the CI resulting from each rule application is en-
tailed by 7, but not by Hpqsic UHadq. The former is straight-
forward for all five rules. Regarding the latter, in the first four
rules we have Hposie = C' C Cif A C C is replaced by
A C C'. Hence Hpqasic U Hada = A C C'. In the last rule,
we have {A C C|;,¢,A’ C 3r.C'} = A C C. Thus, one
of the inclusions A T C|J,i and A’ C 3r.C" is not entailed
by Hpasic U Hadd, and this is the CI resulting from the rule
application.

It is not hard to see that the number of rule applications is
bounded by |C|?-|X|. Note that termination of the algorithm
requires the condition in the last rule that A" Z1 A if d is
the root of C'. Otherwise, this rule could ‘replace” A C C'
by any A’ C C with A equivalent to A’ w.r.t. 7. With the
mentioned condition and since all CIs are in reduced form,
each time when d is the root of C' and A C (' is replaced by
A’ € 3r.C", then we strictly descend in subsumption order,
thatis, T EF AC A’ and T }£ A’ C A. a

The following lemma addresses Line 7.

Lemma 2 Assume that A © Ci; and A T Cy are T-
essential. Then one can construct a T -essential A T C' such
that = C' © C1 N Cs using polynomially many entailment
queries in |C1| + |Ca).

Proof. Starting with A C C,MC5, we exhaustively apply the
rule for sibling merging from above and denote the result by
A C (. Observe that since A C Cy and A T Cy are both 7 -
essential, the concept inclusion A = Cy M Cy is (i) concept-
saturated for T, (ii) role saturated for 7, (iii) parent/child-
merged for 7, and (iv) minimal for 7. The only property
of T-essential inclusions that can fail for A T C; M Cy
is being sibling-merged for 7. Now one can show that an
inclusion with properties (i)—(iv) still has those properties
after applying the rule (sibling merging) above. Thus A C C
is T -essential, as required. 1

Example 3 Suppose the target TBox T is’

Prof C Academicn
IworksFor.(Jsupports. Teaching 1
Jsupports.Research)
Academic C Jadvisor.Academic

The algorithm first computes Hpasic as

Prof C Academic Prof C JworksFor. T
Prof C dadvisor. T Academic C Jadvisor. T

and then poses Hpasic as the first equivalence query. Assume
that the oracle returns the positive counterexample

Prof C Jadvisor.Academic.
which is not concept saturated for T; saturating it yields
Prof © Academic M Jadvisor.Academic
which is not minimal for T ; minimizing it yields
Academic C Jadvisor.Academic.

The above CI constitutes the new Haqq and the algorithm
asks Hpasic U Hadd as an equivalence query. Assume the or-
acle returns the positive counterexample

Prof C JworksFor.(3supports. Teaching M
IworksFor™.Academic)
3To facilitate presentation, we use a TBox 7 that is not in

named form; for this concrete example, however, named form does
not make any difference.



which is not parent/child-merged for T ; merging it results in
the following CI, which is added to Haq4:

Prof C Academic M JworksFor.3supports. Teaching.

For the next equivalence query, the oracle returns the posi-
tive counterexample

Prof C JworksFor.dsupports.Research.

Conjoining the right-hand side of this CI with that of the
existing CI for Prof in H,aqq and applying sibling merging
yields the first CI from T, and the algorithm has succeeded
to learn T.

If the algorithm terminates, then it obviously has found a
TBox Hpasic UHaaq that is logically equivalent to 7. It thus
remains to show that the algorithm terminates in polynomi-
ally time. Observe that H,44 contains at most one concept
inclusion A T C for each concept name A. At each step
in the while loop, either some A T C' is added to Hyqq
such that no inclusion with A on the left-hand side existed
in Hqqq before or an existing inclusion A C C' in Hyqq is
replaced by a fresh A C C' with = C' C Cand j£ C C C".
It is thus not hard to see that we can prove termination in
polynomial time by establishing the following lemma.

Lemma 4 The number of replacements of an existing CI
A C Cin Haqq is bounded polynomially in |T)|.

Proof.(sketch) We first observe that, as a consequence of
the fact that A C C and its replacement A = C’ are both
T -essential, the tree that corresponds to C' is obtained from
the tree that corresponds to C’ by removing subtrees. Let n¢
denote the number of nodes in the tree representation of C'
andlet A7 = {B | AC B € Hpusic}U{D | A=F B,BC
D € T7}. Then it suffices to prove the following

Claim. If A C C'is T-essential, then ng < ) 47 np.

The claim is proved in the appendix using canonical models
for DL-Lite3, TBoxes. 0

We have obtained the following main result of this section.

Theorem 5 DL-Lite% TBoxes are polynomial time learn-
able using entailment and equivalence queries.

In the appendix, we provide additional examples showing
that if any of the five conditions for being 7 -essential is re-
moved, then Algorithm 1 no longer runs in polynomial time
or does not even terminate. As an example, assume that min-
imality is omitted from the definition of being 7T -essential
andlet T = {A C B,B C 3Jr.B}. Then the oracle can
provide for the n-th equivalence query the positive coun-
terexample A = 3r".B, n > 1. The algorithm does not
terminate.

Learning £ L, TBoxes in Polynomial Time

We consider the restriction £Ly,s of general ££ TBoxes
where only concept names are allowed on the right-hand
side of concept inclusions. We assume that CIs used in en-
tailment queries and in equivalence queries and those re-
turned as counterexamples are also of this restricted form.

Our learning algorithm is a non-trivial extension of the poly-
nomial time agorithm for learning propositional Horn theo-
ries presented in (Angluin, Frazier, and Pitt 1992; Arias and
Balcazar 2011).

We first introduce some notation. An interpretation Z is a

tree interpretation if the directed graph (AZ, U, eng rT)isa

tree and 72 N s7 = () for all distinct r, s € Ng. We gener-
ally denote the root of a tree interpretation Z with pz. The
product of two interpretations Z and 7 is the interpretation
T x J with AT*T = AT x A7, (d,e) € AT*T ifd € AT
and e € A7, and ((d,e),(d',¢')) € r2*7 if (d,d') € r*
and (e, e’) € r7, for any concept name A and role name 7.
Products preserve the truth of £L concept inclusions (Lutz,
Piro, and Wolter 2011):

Lemma 6 For all EL concepts C: d € CT and e € C7 iff
(d,e) € CT*J,

One can show that the product of tree interpretations is a
disjoint union of tree interpretations. If Z and J are tree
interpretations, we denote by Z X, J the tree interpretation
that is contained in Z x J with root (pz, p7).

Let Z, 7 be interpretations, d € AL and e € A7 . A rela-
tion ~ C AT x A7 is a simulation from (Z,d) to (J,e) if
the following conditions are satisfied: (i) d ~ e; (i) d € A?
and d ~ e implies e € A7; (iii) (d,d’) € r* andd ~ e
implies d’ ~ ¢’ for some ¢’ € A7 with (e,e’) € 7. We
write (Z,d) = (J, e) if there is a simulation from (Z, d) to
(J,e) and if Z and J are tree interpretations then we write
7 = J as a shorthand for (Z, pz) = (J, p7). Simulations
preserve the membership to £L-concepts (Lutz, Piro, and
Wolter 2011):

Lemma 7 For all EL concepts C: ifd € CT and (T,d) =
(J,e), thene € C7.

For an £L concept C, we write Z¢ to denote the tree inter-
pretation that is obtained by viewing C' as an interpretation
in the natural way, that is, Z¢ is the tree 7> introduced in the
context of our learning algorithm for DL—Lite%, represented
as an interpretation. Conversely, every tree interpretation Z
can be viewed as an £L concept Cz in a straightforward
way.

Let 7 be the target TBox to be learned, and assume again
that its signature ¥ is known to the learner. An interpretation
T is a T -countermodel if T [~ T. We will now describe a
class of T -countermodels that are in a sense minimal and
central to our learning algorithm. For a tree interpretation Z,
we use Z|,o0 to denote the interpretation obtained from Z
by removing the root p7 of Z. For any element d of A, we
use 7 |;¢ to denote Z with the subtree rooted at d removed. A
T -countermodel is essential if the following conditions are
satisfied:

L. It E T
2. I|y, E T foralld € A™\ {pz}.

Intuitively, Condition 1 states that Z contradicts 7 only at
the root, that is, the only reason for why Z does not satisfy 7
is that for at least one CI C' C A € T, we have that p;r € C*



Algorithm 2 The learning algorithm for £ £,s TBoxes

1: Set J to the empty sequence (of tree interpretations)

2: SetH =10

3: while Equivalent(#)? returns “no” do

4: Let C' C A be the returned positive counterexample

for T relative to H

5: Find an essential 7 -countermodel Z with Z = H
(entailment queries)

6: if thereisa J € J such that 7 # (Z X, J) and

T %, J E T then

7: Let J be the first such element of J
8: Find an essential 7 -countermodel J' C Z x, J
(entailment queries)
9: replace 7 in J with J’
10: else
11: append Zto J
12: end if

13: Construct H={Cz: C A|ZT €T, T ECrC A}
(entailment queries)
14: end while

and pr ¢ AZ. Condition 2 is a minimality condition which
states that for any such C' = A (which needs not be unique),
pr is no longer in C7 if we remove any node from Z.

The algorithm for learning £L,s TBoxes is given as Al-
gorithm 2, where the implementation of the lines marked
with “(entailment queries)” requires the execution of entail-
ment queries as detailed below. It maintains a sequence J
of tree interpretations that intuitively represents the TBox H
constructed in Line 13; however, tree interpretations are eas-
ier to work with for our purposes than the ££ concepts that
they represent. In Line 8, we write 7' C Z X, 7 as shorthand
for: 7' is a subinterpretation of Z X, 7 that is obtained from
T %, J by removing subtrees. Note that the assumption in
Line 4 that a positive counterexample is returned is justified
by the construction of H in Lines 2 and 13, which ensures
that, at all times, 7 = H.

We now provide additional details on how to realize the
three lines marked with “(entailment queries)”. Line 13 is
easiest: We simply use entailment queries to find all CIs
Cz C AwithZ € 7 and A a concept name from 3. We
will later show that the length of J is bounded polynomially
in |T |, therefore polynomially many entailment queries suf-
fice. Lines 5 and 8 are addressed by Lemmas 8 and 9 below.

Lemma 8 Given a positive counterexample C T A for
T relative to H, one can construct an essential T-
countermodel T with T |= H using only polynomially many
entailment queries in |T| + |C|.

Proof. 7 is constructed by applying the following rules to
7 :=Tc.

1. Saturate 7 by exhaustively applying the CIs from H as
rules: if D C B € H and d € D%, then add d to BZ.

2. Replace Z by a minimal subtree of Z refuting 7 to ad-
dress Condition 1 of essential 7 -countermodels: replace

T by Z|q if Z|4 is minimal with Z|; & T (checked using
entailment queries), where Z|; denotes the substree of 7
rooted at d.

3. Exhaustively remove subtrees from Z until Condition 2
of essential 7 -countermodels is also satisfied: if Z |;¢ =
T (checked using entailment queries), then replace Z by
Ilg,-

The resulting interpretation Z is as required. Details are pre-

sented in the appendix. a

Lemma 9 Given essential ‘T -countermodels T and [J with
I xJ = T, one can construct an essential T -countermodel
J'" C T x, J using only polynomially many entailment
queries in |T| + |Z| + |T|.

Proof. Let 7 and .7 be essential 7 -countermodels with Z x,
J E T.Set J = T x,J and then exhaustively apply
Rule 3 from the proof of Lemma 8 to J’. Clearly, the new
J’ is a T -countermodel. Moreover, it is essential:

(1) ' roor I= T by Lemma 6, Tlggy = 7 and J s =
T imply Zl oot X Jlroot E T- Now J'| 00t can be obtained
from Z|g0¢ X J |00t DY removing subtrees, and removing
subtrees clearly preserves being a model of an £ L,s TBox.

) J'q, B T foralld € A7\ {ps'}: otherwise, the
subtree rooted at d would have been removed during the con-
struction of J'. a

Example 10 Suppose that the target TBox is

dparent.Mouse C Mouse
dparent.Rabbit C Rabbit
dparent. T C Living

and assume that the oracle returns to the first equivalence
query the positive counterexample C T Living with

C = Jparent.Mouse I Jparent.Rabbit

Tc is a T-countermodel that violates Condition 2 of being
essential which leads to its rewriting into Lo with

C’ = Jparent.Mouse

(Alternatively, it could also lead to C' = Jparent.Rabbit.)
The algorithm inserts Lo into J and asks the next equiva-
lence query, to which the oracle returns D T Living with

D = dparent.Rabbit.

Ip is an essential T-countermodel and we have T #
(Zp % Zcr), where Ip X, Lo corresponds to the concept

D’ = Jparent. T.

Ip: is T-essential and thus it is inserted into J in place
of Lcv. At this point, the algorithm has learnt H =
{3parent. T C Living}. The algorithm asks the next equiva-
lence query, to which the oracle returns E T Rabbit with

FE = dparent.Jparent.Rabbit



Tg violates Conditions 1 and 2 of being essential, which
leads to its rewriting into Lg: with

E’ = Living M Jparent.Rabbit.

We have I = I X, Ip: and so Ly is appended to the
list 3. At this point, the algorithm has learnt H = {Living N
Jparent.Rabbit C Rabbit, 3parent. T T Living}, which is
equivalent to the TBox that consists of the second and third
Cl in T. The algorithm can now proceed to learn Living N
dparent.Mouse = Mouse.

If the algorithm terminates, then it obviously returns a TBox
‘H that is equivalent to the target TBox 7. It thus remains to
prove that the algorithm terminates after polynomially many
steps, which is a consequence of the following lemma.

Lemma 11 Let J be a sequence computed at some point
of an execution of Algorithm 2. Then (i) the length of J is
bounded by the number of Cls in T and (ii) each interpreta-
tion in each position of J is replaced only |T| + | T|? often
with a new interpretation.

Proof.(sketch) Assume that at each point of the execution of
the algorithm, J has the form Zy, ..., Z; for some & > 0.
To establish Point (i), we closely follow (Angluin, Frazier,
and Pitt 1992) and show that (iii) for every Z;, there is a
D; C A; € TwithZ; £ D; C A; and (iv) if i # j, then
D; C A;and D; C A; are not identical.

The proof of Points (iii) and (iv), in turn requires a careful
analysis of the concept inclusions in the target TBox that are
violated at the root of the 7 -countermodels Zy, . . ., Zj.

For the proof of Point (ii), we show that |A%| < |7 for
any essential 7 -countermodel Z and analyze the relationship
between the essential 7 -countermodels produced from Z X,
J when J # (Z x, J) (using Lemma 6 and 7). a

We have thus etablished the main result of this section.

Theorem 12 £L,,s TBoxes are polynomial time learnable
using entailment and equivalence queries.

It can again be shown that all adopted conditions are indeed
necessary. Consider for example the first condition of being
T -essential. Without it, for the target TBox 7 = {3r.A C
A} the oracle can return the infinite set of positive coun-
terexamples 3r"*. A C A, n a prime number. Then the learn-
ing algorithm does not terminate.

Limits of Polynomial Time Learnability

The main result of this section is that ££ TBoxes can-
not be learned in polynomial time using entailment and
equivalence queries. We also show that DL-Lite% TBoxes
cannot be learned in polynomial time using entailment or
equivalence queries alone. This holds for ££,s TBoxes as
well and follows from the fact that propositional Horn the-
ories cannot be learned in polynomial time using entail-
ment or equivalence queries alone (Frazier and Pitt 1993;
Angluin, Frazier, and Pitt 1992; Angluin 1987a).

We start by proving the non-learnability result for £L£
TBoxes. Our proof shows that even acyclic target TBoxes

cannot be learned in polynomial time when general £L£ con-
cept inclusions are admitted in entailment queries, as coun-
terexamples returned by the oracle, and in TBoxes used
as equivalence queries. On our way, we also prove non-
learnability of DL-Lite% TBoxes using entailment queries
only. The proof is inspired by Angluin’s lower bound for the
following abstract learning problem (1987c¢): a learner aims
to identify one of IV distinct sets L1, ..., Ly which have the
property that there exists a set L for which L; N L; = L,
for any 7 # j. It is assumed that Ln is not a valid argument
to an equivalence query. The learner can pose membership
queries “z € L?” and equivalence queries “H = L?”. Then
in the worst case it takes at least N — 1 membership and
equivalence queries to exactly identify a hypothesis L; from
Ly, ..., Ly. The proof proceeds as follows. At every stage
of computation, the oracle (which here should be viewed as
an adversary) maintains a set of hypotheses S, which the
learner is not able to distinguish based on the answers given
so far. Initially, S = {Ly, ..., Lx }. When the learner asks a
membership query z, the oracle returns ’Yes’ if x € L~ and
"No’ otherwise. In the latter case, the (unique) L; such that
x € L; is removed from S. When the learner asks an equiva-
lence query H, the oracle returns ‘No’ and a counterexample
x € LA @ H (the symmetric difference of L and H). This
always exists as Ln is not a valid query. If the counterexam-
ple x is not a member of L, (at most one) L; € S such that
x € L; is eliminated from S. In the worst case, the learner
has to reduce the cardinality of S to one to exactly identify
a hypothesis, which takes N — 1 queries.

Similarly to the method outlined above, in our proof we
maintain a set of acyclic ££ TBoxes S whose members the
learning algorithm is not able to distinguish based on the
answers obtained so far. We start with S = {T1,...,Tn},
where N is superpolynomial in the size of every TBox 7T;,
and describe an oracle that responds to entailment and equiv-
alence queries. For didactic purposes, we first present a set
of acyclic TBoxes 71,...,7Tn, for which the oracle can
respond to entailment queries in the way described above
but which is polynomial time learnable when equivalence
queries are also allowed. We then show how the TBoxes can
be modified to obtain a family of acyclic TBoxes that is not
polynomial time learnable using entailment and equivalence
queries.

To present the TBoxes in S, fix two role names r and s.
For any sequence o = olo?...0" with o; € {r,s}, the
expression Jo.C' stands for Jot. 302 ... 30™.C. For every
such sequence o, of which there are N = 2™ many, consider
the acyclic £L£ TBox 7, defined as

Te = {AC3e.MNXo}UTy with
To = {Xz C HT‘.XH_l M E'S.Xi_;,_l | 0<1< Tl}

where 7, generates a full binary tree whose edges are la-
belled with the role names r and s and with X at the root,
X, atlevel 1 and so on. M is a concept name that ‘marks’ a
particular path in this tree given by the sequence o. One can
use Angluin’s strategy to show that TBoxes from the set S
of all such TBoxes 7, cannot be learned in polynomial time
using entailment queries only: notice that for no sequence
o’ # o of length n, we have T, = A C Jo’.M. Thus an



entailment query of the form A C Jo. M eliminates at most
one TBox from the set of TBoxes that the learner cannot dis-
tinguish. This observation can be generalized to arbitary en-
tailment queries C' C D in £L since one can prove, similarly
to the proof of Lemma 14 below, that for any £ L concept in-
clusion C' T D either {A C Xo} U Ty = C C D (thus
C C D is entailed by all TBoxes in S) or at most one TBox
from S entails C' C D. It follows that acyclic ££ TBoxes
are not polynomial time learnable using entailment queries,
only. Observe that the TBoxes 7, are actually formulated
in DL-Lite%. We show in the appendix that all arguments
above are true also when entailment queries are formulated
in DL-Lite% (which include inverse roles) and thus obtain
the following result.

Theorem 13 DL—Lite% TBoxes are not polynomial time
learnable using entailment queries, only.

Interestingly, a single equivalence query is sufficient to learn
any TBox from S in two steps: given the equivalence query
{A C X} U7, the oracle has no other option but to reveal
the target TBox 7, as A C do.M can be found ‘inside’
every counterexample. Our strategy to rule out this option
for the oracle is to modify 71,...,7n in such a way that
although a TBox 7Tn axiomatizing the intersection over the
set of consequences of each 7;, i < N, exists, its size is
superpolynomial and so cannot be used as an equivalence
query by a polynomial time learning algorithm.

For every n > 0 and every n-tuple L = (o74,...,0,),
where every o; is a role sequence of length n as above, we
define an acyclic ££ TBox Ty, as the union of 7 and the
following inclusions:*

Al E E|O'1.M|_|X0 An E HGn.MﬂXO
BlgHUl.MﬂXO BnEHUnMﬂXO

A=XyMNdey. MM ---MN3do,. M.

Let £,, be a set of n-tuples such that for 1 < ¢ < n and every
L, L' e & withL = (61,...,0,), L' = (o},...,0)),if
o; = o) then L = L' and i = j. Then for any sequence o
of length n there exists at most one L € £,, and at most one
it <nsuchthat 7, = A; C do.M and 7, = B; C Jo. M.
We can choose £,, such that there are N = [2"/n | different
tuples in £,,. Notice that the size of each T, with L € £, is
polynomial in n and so N is superpolynomial in the size of
each T, with L € £,,.

Every Tp, for L € £, entails, among other inclusions,
|_|?:1 C; C A, where every C is either A; or B;. There are
2" different such inclusions, which indicates that every rep-
resentation of the ‘intersection TBox’ requires superpolyno-
mially many axioms. It follows from Lemma 15 below that
this is indeed the case.

The following lemma (proved in the appendix) enables
us to respond to entailment queries without eliminating too
many TBoxes from the list S of TBoxes that the learner can-
not distinguish. We use ¥,, to denote the signature of 7.

“In fact, to prove non-polynomial learnability, it suffices to con-
sider do-1.M M- --M3do,.M C Ain place of the concept equality;
however, inclusions of this form are not allowed in acyclic TBoxes.

Lemma 14 For all £L concept inclusions C T D over X,:

e cither Tr, = C C D forevery L € £,, or

o the number of different L € £, such that Ty, = C & D
does not exceed |C|.

To illustrate the result, consider two TBoxes 77, and 7,
where L = (01,...,0,) and L' = (o4, ...,0,,). Then the
inclusion Xg M 3oy M MN3oc]. MMA;M---MA, C Ais
entailed by both 77 and 77 but not by any other 7z~ with
Lekg,.

We now show how the oracle can answer equivalence
queries, aiming to show that for any polynomial size equiv-
alence query H, the oracle can return a counterexample
C C Dsuchthateither () H =ECC Dand 7, =CC D
for at most one L € £, or (ii) H £ C C D and for every
L € £, wehave T, = C C D. Thus, such a counterex-
ample eliminates at most one 7, from the set .S of TBoxes
that the learner cannot distinguish. In addition, however, we
have to take extra care of the size of counterexamples as the
learning algorithm is allowed to run in time polynomial not
only in the size of the target TBox but also in the size of the
counterexamples returned by the oracle. For instance, if the
hypothesis TBox H contains an inclusion C' © D which is
not entailed by any 77, one cannot simply return C T D
as a counterexample since the learner will be able to ‘pump
up’ its running time by asking for equivalence of the target
TBox to a sequence of hypotheses H; = {C; C D;} such
that the size of C;;1 = D; 41 is twice the size of C; C D;.
Then at every stage in a run of the learning algorithm, the
running time will be polynomial in the size of the input and
the size of the largest counterexample received so far, but the
overall running time will be exponential in the size of input.
The following lemma addresses this issue.

Lemma 15 For any n > 1 and any EL TBox H in X, with
|H| < 2™, there exists an EL CI C' T D over ¥, such that
(i) the size of C T D does not exceed 6n and (ii) if H =
C C D then Ty, = C T D for at most one L € £,, and if
H [ C C D thenforevery L € £, we have Ty, = C T D.

Then we have the following.

Theorem 16 E£L TBoxes are not polynomial time learnable
using entailment and equivalence queries.

Proof. Assume that TBoxes are polynomial time learnable.
Then there exists a learning algorithm whose running time
is bounded at any stage by a polynomial p(n, m). Choose n
such that [2"/n] > (p(n,6n))? andlet S = {7, | L €
£,}. We follow Angluin’s strategy of letting the oracle re-
move TBoxes from S in such a way that the learner cannot
distinguish between any of the remaining TBoxes. Given an
entailment query C C D,if T, = C C D forevery L € £,
then the answer is ‘yes’; otherwise the answer is ‘no’ and all
71 with Tp, = C £ D are removed from S (by Lemma 14,
there are at most |C| such TBoxes). Given an equivalence
query H, the answer is ‘no’, a counterexample C' = D guar-
anteed by Lemma 15 is produced, and (at most one) 77, such
that 77, = C C D is removed from S.



As all counterexamples produced are smaller than 6n,
the overall running time of the algorithm is bounded by
p(n,6n). Hence, the learner asks no more than p(n,6n)
queries and the size of every query does not exceed p(n, 6n).
By Lemmas 14 and 15, at most (p(n, 6n))? TBoxes are re-
moved from S during the run of the algorithm. But then,
the algorithm cannot distinguish between any remaining
TBoxes and we have derived a contradiction. a

We now show that DL—Lite?2 TBoxes cannot be learnt in
polynomial time using equivalence queries only. We use
the following result on non-learnability of monotone DNF
formulas using equivalence queries due to Angluin (1990).
Here, equivalence queries take a hypothesis 1 in the form
of a monotone DNF formula and return as a counterexam-
ple either a truth assignment that satisfies ) but not the tar-
get formula ¢ or vice versa. Let M (n,t, s) denote the set of
all monotone DNF formulas whose variables are x1, . .., Z,,
that have exactly ¢ conjunctions, and where each conjunction
contains exactly s variables.

Theorem 17 (Angluin) For any polynomial q(-) there exist
constants to and sg and a strategy for the oracle O to answer
equivalence queries posed by a learning algorithm in such a
way that for sufficiently large n any learning algorithm that
asks at most q(n) equivalence queries, each bounded in size
by q(n), cannot exactly identify elements of M (n, to, o).

To employ Theorem 17, we associate with every mono-
tone DNF formula ¢ = \/Ezl(xz1 A -+ A b)) with vari-
ables z1,...,x, a DL—Lite?2 TBox Ty as follows. With
each conjunct x7 A -+ A x%; we associate a concept C; :=
Hpﬁ.ﬂpé. e Jpi . T where pé =rifz; occursinai A - A
T and p; = 7 otherwise (r and 7 are role names). Let A be
a concept name and set

Ty ={AC[Ti, Ci, TCr}
For example, for n = 4 and ¢ = (x1 A x4) V 22 we have
Ts ={AC I IFIrIr T, ACIFIrIFr3Ir.T, FCr}.

A truth assignment [ (for the variables x; ..., x,) also cor-
responds to a concept C; = Fpt.3ps....3p!. T, where
p = rif I makes z; true and p} = 7 otherwise. Then
I = ¢iff 7T, = A C C; holds for all truth assignments 1.
Note that 7 represents that a variable is false and r that a
variable is true. Thus, the role inclusion 7 T 7 captures the
monotonicity of the DNF formulas considered. For any fixed
values n, sand ¢, we set T'(n, t,s) = {7y | ¢ € M(n,t,s)}.

Theorem 18 The class of DL-Lite?z TBoxes is not polyno-
mial time learnable using equivalence queries.

Proof. We sketch the proof for the case when the TBoxes
‘H from any equivalence query represent a monotone DNF
formula in the variables x1, . . ., x,, that is, if all equivalence
queries ‘H are of the form

{ACTl, . p.erIprTpe....3p,. T, TLT}

for some I' C {r, 7}". Arbitrary DL-Lite7, TBoxes in equiv-
alence queries are considered in the appendix.

For a proof by contradiction, suppose that the running
time of a learning algorithm 2 for DL-Lite%'3 TBoxes in
Y = {A,r 7} is bounded at every stage of computation
by a polynomial p(z,y), where x is the size of the target
TBox, and y is the maximal size of a counterexample re-
turned by the oracle up to the current stage of computation.
Let ¢(n) = p(n?,4n + 2), and let o and so be the con-
stants from the strategy of the oracle in Theorem 17. Let n
be sufficiently large so that the claim of Theorem 17 holds.

Consider the oracle O’ that responds to every equivalence
query H that represents a monotone DNF-formula ¢ in n
variables by returning the counterexample A = Cj corre-
sponding to the truth assignment [ that O would return for
the equivalence query ). We show that 2( cannot distinuish
between certain TBoxes in T'(n, to, Sg) and thus obtain a
contradiction.

The largest counterexample returned by £’ is of the form
A LC 3p;.---3p,. T, so for sufficiently large n the maximal
size of any counterexample returned by £’ in any run of the
algorithm is bounded by 4n + 2. Similarly, the size of ev-
ery potential target TBox 7 € T'(n, to, so) does not exceed
to - (4n + 2) and, as to is a constant, for sufficiently large
n it is bounded by n2. Thus, for sufficiently large n the to-
tal running time of 2 for any target TBox in T'(n, tg, So) is
bounded by p(n?,4n + 2). So, the size of a monotone DNF
equivalence query forwarded to the strategy © is bounded
by g(n), and there will be at most g(n) queries forwarded.
But then £ returns answers such that some ¢ and ¢ from
M (n, to, so) are not distinguished. It remains to observe that
2l does not distinguish 7 and Ty,. 0

Future Work

We have presented the first study of learnability of DL
TBoxes in Angluin et al’s framework of learning via queries.
Many research questions remain to be explored. An immedi-
ate question is whether acyclic ££ TBoxes can be learned in
polynomial time using queries and counterexamples of the
form A = C' and A C C only. Note that our non-learnability
result for acyclic £L£ TBoxes relies heavily on counterexam-
ples that are not of this form. Another immediate question is
whether the extension of £ L, with inverse roles (which is a
better approximation of OWL2 RL than £ Ly itself) can still
be learned in polynomial time. Other interesting research di-
rections are non-polynomial time learning algorithms for ££
TBoxes and the admission of different types of membership
queries and counterexamples in the learning protocol. For
example, one could replace concept inclusions as counterex-
amples with interpretations. In an OBDA context, one could
allow membership queries that speak about certain answers
to queries over an ABox and relative to the target TBox. Our
results provide a good starting point for studying such vari-
ations.
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Figure 3: Sibling merging

Proofs for: Learning DL-Lite;, TBoxes in
Polynomial Time

The reader can find illustrations of parent/child merging and
sibling merging in Figures 2 and 3, respectively.

We show that if any of the first four conditions for being
T-essential is removed, then Algorithm 1 requires at least
exponential time or does not even terminate. An example
showing that minimality (Condition 5) is required has been
given already in the paper.

1. Assume concept saturation is omitted from the definition
of being T-essential. Let T = {A T 3r.A}. Then the
oracle can provide for the n-th equivalence query in the
while loop of Algorithm 1 the positive counterexample
A C 3Ir™. T, n > 2. The algorithm does not terminate.

2. Assume role saturation is omitted from the definition of
being 7T -essential. Let T = {A C Jey.Jeq. ... Je,,. T} U
{er Erp,e1 E spyea Erg,en C o sg, 60 B 1pyen E
S$p}. For M C {1,...,n} (with M = {1,...,n}\ M),
set Cpy = 3t1.3tp. ... 3t,. T, where t; = r;if ¢ € M and
t; = s;if1 € M, 1 < i < n. Then the oracle can provide
for the first 2" equivalence queries in the while loop of
Algorithm 1 a fresh positive counterexample A T Cjs by
always choosing a fresh M C {1,...,n}.

3. Assume sibling-merged is omitted from the definition of
being 7T -essential. Define concepts C; as follows:

Cl =dr.TT HS.T, Ci+1 = Cl [l HeCl

andlet 7, = {A C Je.Cp,}. For M C {1,...,n} set
CM = Tifl € Mand CM = 35T if 1 € M.
Also, let CM, = FIr T 3e.CMifi+1 € M and
C’%l = EIs.TI‘IEIe.CZ.M ifi+le M,1 <i<n.
Then the oracle can provide for the first 2" equivalence
queries in the while loop of Algorithm 1 the fresh positive

counterexample A C Je.CM by always choosing a fresh
M C{1,...,n}.

4. Assume parent/child-merged is omitted from the defini-
tion of T -essential. Let 7 = {A C 3r.T M3s.T M3e.B}.

For M C {1,...,n} (with M = {1,...,n} \ M),
set Coy = Jty.3t7 .3t2.3t, ... 3t,.3t, .3e.T), where
t;, =rifi e Mandt; = sifi € M,1 < i < n.
Then the oracle can provide for the first 2" equivalence
queries in the while loop of Algorithm 1 a fresh posi-

tive counterexample A C C'ys by always choosing a fresh
M C{1,...,n}.

We provide proofs for the two claims left unproven in the
proof sketch of Lemma 4. In what follows we often use the
fact that for any interpretation 7, d € A7, and ££T concept
F, d € FY iff there exists a homomorphism h from the
labelled tree corresponding to F' into 7 with h(ap) = d.

Lemma 4 The number of times that an existing CI A C
C is replaced in Hyqq by a fresh CI A C C’ is bounded
polynomially in | 7.

Proof. We first show the following

Claim 1. If A C C is T-essential, 7 = A C (', and
E C’ C C, then the tree corresponding to C' is obtained
from the tree corresponding to C’ by removing subtrees.

Proof of Claim 1. Assume that A C C'is T -essential, 7 =
A C (', and = ¢’ C C. We show that then there is an
injective homomorphism A that maps the labelled tree T to
the labeled tree T such that

e the root of T- is mapped to the root of T

o Acl(d)if A €l(h(d)), for all concept names A and all
din T

We can regard T as an interpretation Z-. This interpreta-
tion satisfies C’ in its root and so, since = C’ C C, it sat-
isfies C in its root. Thus, there is a homomorphism A from
Tc to Ter mapping the root of T to the root of T h is
injective since A T (' is sibling and parent/child merged
and T = A C (' Finally A € I(d) if A € h(l(d)), for all
concept names A and all d in T, follows from concept sat-
uratedness for 7 of A C C and 7 = A C C”. This finishes
the proof of Claim 1.

Recall that no denotes the number of nodes in the tree
representation of C and that A7 = {B | A C B ¢
Hpasic} U{D | A =7 B,B C D € T}. We show the
following

Claim 2. If A C C'is T -essential, then ng < Z np.
DEAT

The proof of Claim 2 employs canonical models for DL-Lite
TBoxes (Kontchakov et al. 2010). Assume A T C'is T-
essential. We may assume that 7 = Hpgsic U T', where 7'
consists of role inclusions and concept inclusions in reduced
form.

We define the canonical model Z4, 7 as the union of a
sequence of interpretations Zy,Zy,.... Let Zy be the tree
shaped interpretation defined by the labelled tree corre-
sponding to Dg := []pc 47 D. Its root is denoted by pa.
Now assume Z,, has been defined. To define Z,, 1,

e let i < m be minimal such that there exist d,d’ € rZ%
with (d,d’) € v%i but (d,d') ¢ s’ for some role s with



T | r C s. Then define Z,, 41 in the same way as Z,
except that sZn+1 = sTn U {(d,d’)} if s is a role name

and sg'”“ = stnU{(d',d)} if s = s for arole name sp.

o Otherwise let ¢« < n be minimal such that there exists
Ir. T C E € Hpgsic with E a concept name and d €
(3r.T)%: with d ¢ EZ». Then define Z,,,; in the same
way as T,, except that EZn+1 .= ETn U {d}.

e Otherwise let ¢« < n be minimal such that there exists
E C F € T with F a concept name and d € EZi such
that d ¢ F'Z». Then add to Z,, a copy of the tree shaped in-
terpretation Zg r defined by the labelled tree correspond-

ing to F' and identify d with the root of Z; r.
o Otherwise let Z4 7 := 1,

If Point 4 never applies in the definition of the sequence
To,T1,. .., then let Zy 7 := |J,,~( Zn- The interpretation
T .7 has the following properties:

1. Z4 7 is amodel of T
2. forevery ELT concept F: py € FIATiff T = AC I

3. for any d € A%o and £LT concept of the form F =
Jr.F': if there exists a homomorphism h from the labelled
tree corresponding to F into Z 4 7 such that h(ap) = d
and all nodes in the labelled tree corresponding to F' are
mapped to AT \ AZo, then there exists a concept name £
withd € EZ suchthat 7 = E C F.

The only non-standard condition is Point 3 which can be
proved using the construction of Z4 7 and the assumption
that 7 = HpasicUT ' for T’ containing concept inclusions in
reduced form only. We now show the following claim (from
which Claim 2 follows immediately):

Claim 3. There is an injective homomorphism from the la-
belled tree corresponding to C' into the restriction J of Z4 7
to A%o which maps ac to p4.

By Point 2 above and since T = A C C, there is a ho-
momorphism A from the labelled tree 7= corresponding to
C into Z 4 7 which maps ac to p4. It follows from Point 2
again and the condition that A C C is role-saturated, sibling
merged, and parent/child merged for 7 that & is injective.
It thus remains to be proved that A is into J (rather than
Z 4, 7). By concept saturatedness of A C C' and Point 2, we
have (x): h(d) € ETA7T iff E € I(d) for every node d in T
and every concept name F.

Assume now that h(d’') ¢ Ao for some node d’ in T¢.
Assume that d’ has minimal distance from d¢ with this prop-
erty - thus the parent d of d’ in T¢ is mapped to A%o. Let
I(d,d") = r. We make a case distinction:

e the whole subtree generated by d’ is mapped into AZ4.7 \
ATo Let C' = 3r.C", where C"' corresponds to the sub-
tree generated by d’ in C. By Point 3, there exists a con-
cept name E with h(d) € EZA7 suchthat T = E C (.
By (%), E € I(d). We make a case distinction:

— d # pa. Then A C C is not minimal for 7 since C'
contains the edge (d, d') such that £ is in the node label
of d, I(d,d') = r,and T E E C Ir.C". We have
derived a contradiction.

— d=psand A #5 E. Then A C C is not minimal for
T since C contains the edge (pa,d’), E is in the node
label of pa, E #5 A, l(d,d) = r,and T = EF C
Fr.C"”. We have derived a contradiction.

— d = py and no E from the node label of p4 that is
non-7 -equivalent to A can be chosen such that 7 |
E T 3r.C"”. We show that then d € AZo which
is a contradiction and so our claim follows. Asume
d e ATaT \ Ao, By construction of Z4 7, there ex-
ists an inclusion £y C D € T with Ejy a concept name
such that p4 € Eg 47 and d' is in the copy of the tree
shaped interpretation Z,,, p which was attached to p4
in the construction of 74 7. Then Ey #7 A because
otherwise Z,,, p would be already part of Zy. But that
contradicts our assumption that no £ from the node la-
bel of p4 that is non-7 -equivalent to A can be chosen
such that 7 = E C 3r.C".

e the subtree generated by d’ is not mapped into AZ4.7 \
Ao Then h is not injective and we have again derived a
contradiction.

Claim 1 and 2 together directly imply Lemma 4. a

Proofs for: Learning £ L, TBoxes in
Polynomial Time

We begin with the proof that the interpretation Z constructed
in the proof sketch for Lemma 8§ satisfies the conditions re-
quired in Lemma 8.
Lemma 8. Given a positive counterexample C' C A for T
relative to , one can construct an essential 7 -countermodel
7 with Z = H only polynomially many entailment queries
in|T|+|C]|.
Proof. Let C' C A be a positive counterexample for 7 rel-
ative to . First observe that Z [~ 7T since H (= C C A,
we know that A does not occur as a top-level conjunct in C.
Consequently, pr.. € CT¢ \ AZ¢ and thus Z¢ [~ T.

Now we show that the interpretation Z constructed in the
proof sketch of Lemma 8 has the required properties:

e T |= H: clearly, the interpretation [ constructed in Step 1
is a model of H. Taking subtress and removing subtrees
from Z preserves being a model of H, and so Z = H.

e T [~ T: the interpretation J constructed in Step 1 is not
a model of 7. In fact, we can use C'; T A as a positive
counterexample for 7 relative to H instead of C T A.
Observe that() = C7 C C,and thus 7 = C' C A implies
T = C7 £ A. On the other hand, p; € B implies
‘H |= C C B for all concept names B. Consequently and
since H [~ C C A, we have py ¢ A7. Thus J [~ T.
Steps 2 and 3 preserve the condition that 7 is not a model
of TandsoZ = T.

e 7 satisfies Condition 1 for 7 -essential models because of
Step 2.

e 7 satisfies Condition 2 for 7 -essential models because of
Step 3.
|



Lemma 11. Let J be a sequence computed at some point
of an execution of Algorithm 2. Then (i) the length of J is
bounded by the number of CIs in 7 and (ii) each interpreta-
tion in each position of J is replaced only |7| + |72 often
with a new interpretation.

The rest of the section is devoted to proving Lemma 11. For
easy reference, assume that at each point of the execution
of the algorithm, J has the form Zy, ..., Z; for some k >
0. To establish Point (i) above, we closely follow (Angluin,
Frazier, and Pitt 1992) and show that

(iii) for every Z;, thereisa D; C A, € T withZ; - D; C A;
and

(iv) if i # j, then D; C A; and D; T A; are not identical.

In fact, Point (iii) is immediate since whenever a new Z; is
added to J in the algorithm, then Z; is a T -countermodel.
To prove Point (iv), we first establish the intermediate
Lemma 19 below. For a tree-shaped interpretation Z and a
concept inclusion C' C A, we write Z =" C C Aif pr ¢ C*
or pr € AZ; that is, the inclusion C' T A is satisfied at the
root of Z, but not necessarily at other points in Z. It is easy to
see that if some interpretation Z is a T -countermodel, then
thereisaC C A € T suchthat Z " C' C A.

Lemma 19 [f the interpretation I constructed in Line 5 of
the algorithm satisfies T =" C T A € T and pz, € C%i for
some j, then J = T; is replaced with J' in Line 9 for some
i< 7.

Proof. Assume that the interpretation Z constructed in
Line 5 of the algorithm satisfies Z =" C T A € T and
that there is some j with pz, € C7%i . 1f there is some i < j
suchthatZ; & (Zx,Z;) and Z x,Z; & T,then J = Z; will
be replaced with 7’ in Line 9 for some ¢/ < ¢ and we are
done. Thus assume that there is no such ¢. We aim to show
that 7 = Z; is replaced with J "in Line 9. To this end, it
suffices to prove that Z; % (Z x,Z;) and Z %, Z; k= T. The
latter is a consequence of 7 [z C'C A and pz; € Cti.

Assume to the contrary of what we have to show that
Z; = (I x,Z;). We establish a contradiction against Z }= H
(which holds by construction of Z in the algorithm) by show-
ing that

1. T} Cr, E Aand
2. CI]. CAcH.

For Point 1, Z; = (Z %, Z;) and pz; € (Cz,)% im-
ply prx,z; € (Cz;)**%, which gives pr € (Cz;)%, by
Lemma 7 and Lemma 6. It remains to observe that Z [~"
C C Aimplies pr ¢ AL,

In view of the construction of H in the algorithm, Point 2
can be established by showing that 7 = Cz, C A. Since
C C A e T, it suffices to prove that Cz, E C. This, how-
ever, is an immediate consequence of the fact that pz;, € C Zj
and the definition of Cz;.

Now, Point (iv) above is a consequence of the following.

Lemma 20 At any time of the algorithm execution, the fol-
lowing condition holds: if T; " C T A € T and j < i,
then pz, ¢ CLi.

Proof. We prove the invariant formulated in Lemma 20 by
induction on the number of iterations of the while loop.
Clearly, the invariant is satisfied before the loop is entered.
We now consider the two places where J is modified, that is,
Line 9 and Line 11, starting with the latter.

In Line 11, Z is appended to J. Assume that Z [£" C C
A € T. We have to show that, before 7 was added to J, there
was no Z; € J with pz, € C%i. This, however, is immediate
by Lemma 19.

Now assume that 7 was replaced in Line 9 with 7. We
have to show two properties:

LIfJ =Z; #* CC Ae T and j < i, then pz, ¢ Cti.

Assume to the contrary that pz; € C7%i. Since J' is ob-
tained from Z x J by removing subtrees (see Lemma 9),
J FE"C C Aimplies Z x J £ C £ A. Conse-
quently, Z " C C Aor J £ C C A. The former
and pz; € C7%i yields i < j by Lemma 19, in contra-
diction to j < 4. In the latter case, since Z; = J before
the replacement of 7 with 7', we have a contradiction
against the induction hypothesis.

27 =ZjandZ; " C T A € T withi > j, then

PI; ¢ .
Assume to the contrary that pz; € C%i. Since J' is ob-
tained from Z x, J by removing subtrees, we then have
prx,g € CT*7 thus ps € C7. Since Z; = J before
the replacement of 7 with J’, we have a contradiction
against the induction hypothesis.

|

We now turn towards proving Point (ii) above. It is a conse-
quence of Lemma 22 below.

Lemma 21 If 7 is an essential ‘T -countermodel, then
AT <|T].

Proof. Let Z be an essential 7 -counttermodel. Then Z (= T,
but Z|,oo = 7. It follows that there isa C C A € T such
that pr € CZ \ AZ. Consequently, there is a simulation ~
from (Z¢, pz..) to (Z, pz). Since Z¢ is tree-shaped, we can
assume w.l.o.g. that ~ is a total function (that is, a homo-
morphism). To show that |Z| < |C| and thus |Z| < |T]| as
required, it clearly suffices to show that ~ is surjective. As-
sume that this is not the case, and let d € AZ be outside
the range of ~ and J = Z|;,. All descendants of d must
be outside the range of ~ as well and thus ~ is a simulation
from (Z¢, pz.) to (J,p7). Therefore, p7 € C7, which
implies J & C C A, in contradiction to Z being an essen-
tial 7 -countermodel: Property 2 of being essential requires

JET. a



Lemma 22 Let 7y, ...,Z, be a sequence of interpretations
such that I;,, replaces I; in Line 9 for all i < n. Then
n <|T|+|TJ

Proof. We first show that for every ¢ < n either

1. there is a concept name A such that pz, € A% and
pIi+1 ¢ AIH—l or

2. Z,41 = I, via a surjective simulation.

For a proof by contradiction assume that there is ¢ < n such
that neither Point 1 nor Point 2 holds. Since Z; is a subin-
terpretation of some Z x, Z; and Z x, Z; = 7, we obtain
that 7; 11 = Z;. Since Z; 1 is an essential 7 -countermodel,
thereisaC C A € T suchthat Z,1 £ C C A. Let J
be the subinterpretation of Z; determined by the range of the
simulation ~ from Z; ; to Z;. Then ps € CY and so, since
Py & A7 because Point 1 does not hold, J K CC AT
is an essential 7 -countermodel and so J = Z. But then ~
is surjective and we have derived a contradiction.

In addition to the property stated above, we also have:

e for all concept names A, if pz, € AZi+1, then pz,., €

i1
Z;.
At

[ ] Il 7£> Ii+1.

By Lemma 21 we have |A%:| < |T| for all i < n. Thus, any
convex subsequence Zj, . .., Z;, of the sequence 1y,...,7,
such that p7, € A% iff p7,,, € AT+ holds for all concept

names A and all j < i < k has length bounded by |7 |>.

Proofs for: Limits of Polynomial Time
Learnability

To prove Lemma 14, we first show two technical lem-
mas. We also require the following lemma from (Konev et
al. 2012) that characterizes concept inclusions entailed by
acyclic £L£ TBoxes.

Lemma 23 Let T be an acyclic EL TBox, r a role name

and D an EL concept. Suppose that T = [, <;<,, Ai N

|_|1<j<m 3r;.C; T D, where A; are concept names for 1 <

i<n, C; are EL concepts for 1 < j < m, and m,n > 0,

then

e if D is a concept name such that T does not contain an
inclusion D = C, for some concept C, then there exists
A, 1 <i<mn,suchthatT E A; C D;

e if D is of the form 3r.D’ then either (i) there exists A;,
1<i<mn, suchthat T | A; C 3r.D’ or (ii) there exists
rj, 1 <j<m,suchthatr; =randT =C; C D'

Lemma 24 For any 0 < m < n, any sequence of role

names o = o'...0c™, any L = (01,...,0,) € £, and

any EL concept C over ¥, if T, = C € Jo. M then ei-

ther

1. m =n, o = oy, for some 1 < i < nandC is of the form
ANC, A, C" or B;1C', for some EL concept C'; or

2. ECCE3Jo.M.

Proof. We prove the proposition by induction on m. If m =
0, by Lemma 23, C'is of the form Z 1 C”, for some concept
name Z and concept C’, and T, = Z C M. This is only
possible if Z is M itself, so = C' T M.

Let m > 0. By Lemma 23 we have one of the following two
cases:

e (' is of the form X M C’, for some concept name X and
concept C” such that 77, = X C Jo .M. It is easy to see
that this is only possible if m = n, 0 = o; and X is one
of A, A; or B;.

e C is of the form Jo'.C’ 1 C” for some concepts C’ and
C" such that 77, = C’ C 302, .- 30™. M. By induction
hypothesis, = C’ C Jo2.---Jo™. M. But then = C C
Jdo.M.

|

Finally, we require the following observation.
Lemma 25 For any acyclic EL TBox T, any inclusion A
A

C € T and any concept of the form 3t.D we have T |=
3t.D if, and only if, T = C C 3t.D.

C
-

We are now ready to prove Lemma 14.

Lemma 14 For every EL concept inclusion C & D
over ¥y,

e cither for every L € £, we have T, = C C D or

o the number of different L € £, such that T;, = C & D
does not exceed |C|.

Proof. We prove the lemma by induction on the size of D.
We assume throughout the proof that there exists some Ly €
£, such that 7, = C C D.

Base case: D is a concept name. We make the following case
distinction.

e Disone of X;, A;, B; or M, for i > 1. By Lemma 23,
C'is of the form Z M C’, for some concept name Z, and
T, E Z C D.If Disone of X;, A;, B; or M, then this
can only be the case if Z = D. But then forevery L € £,
we have T, = C C D.

e D = Xy.ByLemma 23, C is of the form ZMC’, for some
concept name Z, and 71, = Z C X. This is the case if
either Z = Xy, or Zisoneof A, A1, B1,...,A,,B,.In
either case, for every L € £,, we have T, = C C Xj.

e D = A If Cis form AN C’ or for for all ¢ such that
1 <i < n, A; or B; is a conjunct of C, then for every
L € £, wehave T;, = C C A. Assume now that C' is
not of this form. Then for some j such that 1 < j < n,
C is neither of the form A M C’ nor of the form A, M C’
nor of the form B; M C’. Let L = (o01,...,0,) € £,
be such that 7, = C C A. Notice that T, | C C A,
for L = (01,...,0,) € £,,if,and only if, Tz, = C C
XoMdoy. MM ---M3o,.M. By Lemma 24, for such a
Tr, we must have = C' C Jo;.M. Clearly, the number of
different L = (o71,...,0,) € £, with = C C 3o;.M
does not exceed |C|.

Thus, either for every L € £,, we have T, = C C A or
the number of different L € £,, suchthat 7, = C C A
does not exceed |C|.



Induction step. If D = D1 M Dy, then 71, = C C D if, and
only if, 7 = C C D;, i = 1,2. By induction hypothesis, for
1 = 1,2 either for every L € £,, we have 7, = C C D;, or
there exist at most |C| different L € £,, suchthat T;, = C' C
D;. Thus either for every L € £, we have 71, = C
or the number of different L € £, such that 7, = C
also does not exceed |C.

C D,
CD

Let D = 3t.D’. Suppose that for some L € £, we have
T = C C D. Then, by Lemma 23, either there exists a
conjunct Z of C, Z a concept name, such that 77, = Z C
3t.D’ or there exists a conjunct 3t.C" of C with T, = C' C
D’. We analyse for every conjunct of C' of the form Z or
3t.C" for how many different L € £, it holds that 77, =
Z € 3t.D' (or Tp, = 3t.C" C 3t.D’ respectively).

(i) Let Z be a conjunct of C' such that Z is a concept name
and 77, = Z C 3t.D’. Notice that Z cannot be M as for
noL € £, we have T, | M C 3t.D’. Consider the
remaining possibilities.

— Zisone of X;, i > 0. It is easy to see that for L, L’ €
£, we have Ty = X; C 3¢t.D' if, and only if Tz |
X; C 3t.D'. Thus, for every L € £, we have T, =
Z C 3D

— Z is one of A;, B; fori > 1. By Lemma 25, T, |
Z C 3t.D'if, and only if, 7, E Xo M 3Jo;.M C
3t.D’. By Lemma 23, either 7, &= Xo C 3t.D’ or
Tr EJdo;.M C 3t.D'. If T, = Xo C 3t.D’ then, as
above, for every L € £, we have Ty, = C C 3t.D".
Suppose that 3¢.D’ is such that Tz, = X C 3¢.D’ and
7. E Jo;.M C 3t.D'. By inductive applications of
Lamma 23, this is only possible when 3¢t.D’ is Jo7;. M.
Notice that all o; are unique so there exists exactly one
L € £, (namely, Lis Lg) such that 7, = Z C Jo;. M.

- Zis A. Suppose that for some L = (o1,...,0,) € £,
we have T;, E A C 3t.D’, equivalently 7, = X, I
Jo1. MM ...0,.M C 3t.D’. By Lemma 23, either
T. E Xo E3t.D or Ty, E Jo;. M C 3t.D’, for some
1:1 < i< n,so,as above, unless 77, = Xy C 3¢t.D’
we have 3t.D’ is Jo;. M. But then L = L.

(ii) Let 3t.C" be a conjunct of C' with 77, = C’ C D’. The
induction hypothesis implies that the number of different
L € £, such that 77, = C" C D’ does not exceed |C’].

To summarize, either 7, = C' C 3¢t.D’ for every L € £,
or for every conjunct Cyy of C' of the form Z or 3t.C’, the
number of different L € £,, such that 7;, = Cy C 3¢t.D’
does not exceed |Cy|. Hence the number of different L € £,
such that 7z, = C' C 3t.D’ does not exceed |C|. a

The next lemma prepares the proof of Lemma 15.

Lemma 26 For any 0 < ¢ < n and X,-concept D, if
To = Xi T D then there exists a sequence of role names
ty,...t; such that = D C 3ty.---3,.Y and To = X; C
dty.---3t.Y, where Y is either T or a concept name,
0<li<n—i+1.

Proof. We prove the lemma by induction on 7. The base case
isi = n. Then Ty £~ X, C D either if = D C 3t.T, for
some role name ¢, or = D C Y, for some concept name
Y # X,.

Suppose that the proposition is proved for 0 < 5 < n and
leti = 57 —1. We proceed by induction on the structure of D.
If D is a concept name, we are done as for no concept name
Z # X; wehave Tp = X; C Z.If D is of the form 3¢t.D’,
where t is one of 7, s, we, obviously, have 7y £~ X;41 C
D’, and so, by induction hypothesis, there exists a sequence
of role names t1,...,t;, with I < n — 4, such that Ty }~
Xip1 EFty.-- 3. Y and = D' C 3ty. - - 3¢;.Y. But then,
by Lemma 25 and Lemma 23, 7y = X; C 3¢.3¢;.--- 34,
and = 3¢t.D" C 3¢.3¢ty.--- 3, Y. If D is of the form D =
Dy M Dy, for one of D;, i = 1,2, we have 7y = X; C D,
and the proposition holds by induction. a

Lemma 15 For any n > 1 and any EL TBox H in ¥,
with |H| < 2™ there exists a ¥,,-concept inclusion C T D
such that (i) the size of C C D does not exceed 6n and
(i) if H = C C D then T, = C T D for at most one
Le &, andif H [~ C C D then for every L € £,, we have
7. =CLC D.

Proof. We define an exponentially large TBox 7 and use it
to prove that one can select the required £L£ inclusion C' C
D is such a way that either H = C C D and T (£ C C D,
or vice versa.

To define 7, for any sequence b = b ... b,,, where every
b; is either O or 1, we denote by C}, the conjunction |_|i <n Cis
where C; = A, if b; = 1 and C; = B, if b; = 0. Then we
define

Ta=ToU{Cob T AT Xo | b€ {0,1}"}.

Consider possibilities for # and 7.

(1) If H £ Tr then there exists an inclusion C = D € Tn
such that / £ C C D. Clearly, C' C D is entailed by every
T, for L € £,,, and the size of C C D does not exceed 6n,
so C' C D is as required.

(2) Suppose that for some b € {0,1}" and a concept
of the form 3¢.D’ we have X = Cp T 3t.D’ and T B
Cp C 3t.D'. To ‘minimise’ Cp T 3t.D’, notice that Ty -
Xy C 3¢t.D’. Then, by Lemma 26, there exists a sequence
of role names tq,...,t, for 0 <[ <n+41andY being T
or a concept name such that = 3t.D’ C 3¢;.---3¢,.Y, so
HECy, C3ty.---3.Y, and To £ Xo C Fty.---31,.Y.
Clearly, the size of Cp, C Jt1. - - - 3t;.Y does not exceed 6n.
It remains to prove that 7, = Cp C 3ty ---3¢;.Y for at
most one L € £,,.

Suppose for some L € £, we have 7, = Cp, C
Jt;.---3t;.Y. By Lemma 23, there exists A; or B; such that
7-L ': Aj E E'tl. . E'tlY (OI' 7-L ’: Bj E 3151. . 'Htl.Y,
respectively). As 7o & Xo C Jty.--- 3t;.Y it is easy to see
that this is only possible when | = n, (t1,t2,...,t,) = o0},
and Y is M. Since every o; is unique, for every L' € £,
such that L' # L we have 77+ = Cyp C 307;.M.

Thus, Cp C Jtq.---3¢;.Y is as required.

(3) Finally, suppose that Case 1 and 2 above do not apply.
Then H = 75 and for every b € {0,1}"™ and every £L
concept over %, of the form 3¢.D": if H E Cp C 3t.D’



then 7o = Xo C 3t.D’. We show that unless there exists
an inclusion C' C D satisfying the conditions of the lemma,
H contains at least 2™ different inclusions. Thus, we have
derived a contradiction.

Fix b € {0,1}". AsH = Tn wehave H |= Cp C A.
Then there must exist an (at least one) inclusion C C A M
DeHsuchthat H = Cp, C Candjt C C A Let C =
ZyN---NZ, N3t.CLN---M13t.C}, where Z,..., Zp,
are different concept names. As H = Cp C Eltj.C} we have
ToE Xo C Htj.Cé,forj =1,...1. As’H |= T we have
H ‘: XO C EtjCj’,for] = 1,l So H lZ Zl [1---T1
Zm M XO C A.

Suppose that for some i : 1 < ¢ < n there exists no
j 1 < j < msuch that Z; is either A; or B;. Then we
have Ty, £ Zy M ---MZ, NXg C A, forany L € £,.
Notice that in the worst case Z; M --- I Z,, contains the
conjunction of all ¥,,-concept names, except A;, B;, so the
sizeof Z1M--- M Z,, M Xy C A does not exceed 6n, and
ZyM---MZy M Xy E Ais as required.

Assume that Zy 11 - - -1 Z,,, 1 X contains a conjunct B;
such that b; # 0. Then H = C C B; and forno L € £,, we
have 71, = Cp C B;. The size of Cp T B; does not exceed
6n, so it is as required.

Assume that Z M --- M Z,,, M X, contains a conjunct A;
such thatb; # 1. Then H = Cp C A; and forno L € £,, we
have 71, = Cp C A;. The size of Cp = A; does not exceed
6n, so it is as required.

The only remaining option is that Z; M --- M Z,, M Xy
contains exactly the A; with b; = 1 and exactly the B; with
b; = 0.

This argument applies to arbitrary b € {0,1}™. Thus if
there exists no inclusion C' C D satisfying the conditions of
the lemma then 7 contains at least 2" inclusions. a

We come to the proof of Theorem 13. Theorem 13 fol-
lows immediately with Angluin’s strategy from the follow-
ing lemma. Let T, = {r,s, A, M, Xg,..., X}

Lemma 27 For every DL-Lite% concept inclusion B T D
overT',:

e cither for every T, € S we have T, = B C D;
e orthere is at most one Ty € S such that T, |= B C D.

Proof. Assume B C D is given. If B # A or M does not
occur in D, then the claim can be readily checked. Thus,
we assume that B = A and M occurs in D. Assume there
exists o such that 75, = A C D (if no such oy exists,
we are done). For any o, let Z4 7. be the canonical model
constructed in the same way as in the proof of Lemma 4.
Note that Z4 7 is a tree interpretation with root p 4. Observe
that the following conditions are equivalent for every o:

e o, FALC D;

® py € DTa7s )

e there is a homomorphism from the interpretation Zp cor-
responding to D to Z 4 7, which maps the root dp of Zp
to pa.

We consider a restricted form of parent-child merging for D.
Apply the following merging operation exhaustively to D:

e if there are nodes d, dy,ds € Tp with {(d;,d) = o and
l(d,d2) = o~ for some o € {r, s}, then replace D by the
resulting concept after d; and d, are merged in D.

Let D’ be the resulting concept. It is readily checked that
any homomorphism h from Zp to Z, 7, which maps the
root of Zp to p4 factors through Zp: and that D’ is an EL£
concept. Thus, if there is an additional o’ # o such that
T+ |E A C D, then there are two homomorphisms A, and
hg' from Zp/ to IA,TUD and from Zp/ to T4 7,, mapping the
root of Zp: to the roots of Z ATy and Z4 7,, respectively.
Moreover, M occurs in D’. Since D’ is a £L-concept we
find a sequence D’ = Dy, ..., Dy, such that 3s;11.D;11 is
a top-level conjunct of D; for s; € {r,s} and all i < m.
But then s; -+ s,, = 0g and s --- S, = o' and we have
derived a contradiction to the assumption that oy and o’ are
distinct. |

We come to the proof of Theorem 18.

Theorem 18 The class of DL-Lite732 TBoxes is not polyno-
mial time learnable using equivalence queries.

In the paper we have designed a strategy for the oracle
with the following property: if all TBoxes H in equivalence
queries represent monotone DNF formulas in n variables,
then the learner cannot distinguish all TBoxes in T'(n, s, t)
in polynomial time (for sufficiently large n). We now extend
this strategy to cover TBoxes in equivalence queries that do
not represent monotone DNF formulas.

We say that a TBox T has a DNF-representation for n if
it is obtained by the translation of a monotone DNF-formula
with n variables; that is, if 7 is of the following form, for
some " C {r,7}™

ac T[]

p1---pn€l

Ip1.3pe.... 3. T, TLET}

Observe that the TBoxes in T'(n,s,t) are exactly those
TBoxes that have a DNF-representation for n and satisfy ad-
ditionally the conditions that the DNF represented by 7, has
exactly ¢ conjunctions each conjunction of which has exactly
s variables.

We describe the strategy for the oracle O’ to answer
equivalence queries so that no learning algorithm is able
to exactly identify members of T'(n, s, t) based on the an-
swers to polynomially many equivalence queries of polyno-
mial size. If the TBox in the equivalence query is ‘obviously’
not within the class T'(n,t, s), then we will explicitly give
the counterexample that the oracle returns. If, on the other
hand, the TBox H from the equivalence query is ‘similar’ to
TBoxes that have a DNF-representation for n, then we ap-
proximate H by a TBox H’ that has a DNF-representation
for n and return the counterexample A = C corresponding
to the truth assignment I that the oracle O from Theorem 17
would return when given .

In detail the strategy is as follows. Assume ¢ is the given
polynomial in Theorem 17 and that ¢y, so and the strategy
of the oracle O are chosen so that for sufficiently large n no
learning algorithm for DNF formulas that asks at most g(n)



equivalence queries, each bounded in size by g(n), can dis-
tinguish all members of M (n, tg, so). Choose a sufficiently
large n. Let H be an equivalence TBox query issued by a
learning algorithm. Then O’ does the following:

1. If H entails some A T Jp;.3ps....dppy1. T with p; €
{r,7} for 1 < i < n + 1, then return this inclusion as a
negative counterexample;

2. If H entails some Jp;. T T Jpo. T such that {p1, p2} C
{r,7,r—,7F }and {T C r} £ Jp1. T C Ip,.T, then
return this inclusion as a negative counterexample;

3. If H E 3p1.T C Fp2.3p3.T such that {p1, p2, p3} C
{r, 7}, then return this inclusion as a negative counterex-
ample;

4. If there exists no p1,...,p, € {r,7}" such that H =
A C 3py.---3p,.T thenreturn A C Jr---Ir. T as a

———

n
positive counterexample.

5. Suppose now that none of the above applies. We say that a
sequence p1, ..., pn € {r,7}" is r-minimal for Hif H =
A C Jpy.---3p,.T and whenever p; = 7, for 1 < i <
n, we have H |~ 3p1. -+ - 3pi—1.37.3pig1. - - Fpn. T. We
obtain a TBox H’ with a DNF representation by setting

H={Ac []

P1s--3Pn is
r-minimal for H

Ip1.--3pp. T, TLCr}

Observe that for any sequence pi,...,p, € {r,7}"
we have H = A C Jpy.---3pp,. T H | A C
Ip1.---Jpn.T. We convert H’ into its corresponding
monotone DNF formula ¢4,/ by reversing the translation
from monotone DNF formulas into DL-Lite% TBoxes of
the above form, in the obvious way. Note that the size of
¢y is linear in the size of H’'. Given ¢4 the oracle O
returns a (positive or negative) counterexample (a truth
assignment) /. Then return the counterexample in the in
the form of the CI A C (.

Observe that the answers given in Points 1 to 3 are correct in
the sense that if an inclusion « is returned as a negative ex-
ample then 7 = aforany 7 € T'(n, t, s). Point 4 is trivially
correct, since any monotone DNF is satisfied by the truth as-
signment that makes every variable true. We first analyse the
size of the TBox H' computed in Point 5.

Lemma 28 Assume that Points 1 to 4 do not apply to H.
Then the number of sequences p1,...,pn € {r,7}"™ which
are r-minimal for H is bounded by |H|.

Proof. We first show that if py,...,p, € {r,7}" is r-
minimal for H, then there exists an inclusion A C C € H
such that

(%) there are concepts C' = Cy,...,C, with 3p;11.Ci11 a
top-level conjunct of C;, for ¢ < n.

For the proof we require the canonical model construc-
tion given in the proof of Lemma 4. Here we start with
the interpretation Z, which has domain {p 4} and in which
ATo = {ps} and XZo = () for all symbols X # A.

Then one applies the Expansion Rules 1-3 to construct Z4 %
in exactly the same way as in the proof of Lemma 4. Let
P1y--spn € {r,7}"™ be r-minimal for 7. Then there are
pa =do,...,d, in ATA* such that (d;,d;y1) € piz“’H for
all ¢ < n.

Claim 1. For all i > 0: d; ¢ ATax.

Proof of Claim 1. Assume d; € AT4* Then H = A C
E'pl s HpZA But then H ': A C H(pl s pz)"T for all
n > 0 which contradicts the assumption that Point 1 does
not apply to H.

Using the fact Points 2 to 3 do not apply to H, it follows
that the only possible reason for having a sequence py =
do, . .., dy in ATa such that (d;, di1) € pr™™ with p; €
{r,7} fori < ninZT, 3 is that there isan A T C' € H such
that () holds.

It follows that the number of distinct r-minimal sequences
is bounded by the number of distinct sequences C' =
Coy...,Cp with A C C' € H and p;41.C;41 a top-level
conjunct of C; for all i < n. Thus, the number of distinct
r-minimal sequences is bounded by |#|. a

It follows from Lemma 28 that the size of the TBox H' com-
puted in Point 5 is bounded by 4n|H| + 2.

We are now in the position to prove the main result in
general form.

Proof of Theorem 18. Suppose that the running time of a
learning algorithm A for DL-LiteZ, TBoxesin X = {A,r,7}
is bounded at every stage of computation by a polynomial
p(z,y), where x is the size of the target TBox, and y is
the maximal size of a counterexample returned by the or-
acle up to the current stage of computation. Let g(n) =
(p(n?,4n + 6))2, and let constants ¢y and sg be as guaran-
teed by Lemma 17. We claim that, for sufficiently large n,
cannot distinguish some 7, and Ty, for ¢, 1 € M (n, to, o).
Assuming that n > 11 (the maximal size of counterex-
amples given under Point 2 and 3), the largest counterexam-
ple returned by our strategy described above is of the form
ALC 3p1.--+3pnpt1.T, so for sufficiently large n the maxi-
mal size of any counterexample in any run of 2l is bounded
by 4n + 6 = 4(n + 1) 4+ 2. Similarly, the size of ev-
ery potential target TBox T, € T'(n,to, so) does not ex-
ceed to - (4n + 2) and, as ¢ is a constant, for sufficiently
large n it is bounded by n2. Thus, for sufficiently large n
the total running time of 2( on any input from T'(n, to, so)
is bounded by p(n?,4n + 6). Obviously, the size of each
query is bounded by the running time of the learning algo-
rithm. So, the size of a DNF equivalence query forwarded
to the strategy O guaranteed by Lemma 17 is bounded by
4nxp(n?,4n+6)+2 < g(n), and there will be at most g(n)
queries forwarded. But then © can return answers such that
some ¢ and ¢ from M (n, to, sg) cannot be distinguished. It
remains to observe that 2 cannot distinguish 7 and Ty



